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The managed pine forests of the Drakensberg escarpment area of Mpumalanga Province, South 
Africa, are characterised by highly leached, acid and occasionally shallow soils in the higher 
altitude areas. The high altitude areas also receive high nitrogen (N) and sulphur (S) inputs, with 
the N deposition rate estimated to be ranging from 15 to 24 kg ha- 1 yr-l at a nitrate:ammonium 
(N03-:N~ +) ratio of approximately 3: 1. Most of the N pollution originates from the adjacent, 
highly industrialized, densely populated HighveJd area, where most of South Africa's electricity 
is generated by coal-driven power stations. Previous studies indicated that shale-derived soil has 
a moderate level of sensitivity to acidification due to shallow profiles and inherently low base 
cation status as well as a high N status, suggesting a predisposition to N saturation (Aber et al. 
1989). Decomposition of P. patula litter on shale soil is also inhibited and litter tends to 
accumulate as the stands mature_ The purpose of this study is to investigate the effects of future 
NO)- and NH/ deposition on growth and nutrient cycling in P. patula plantations growing on 
shale-derived soil. This study consists of a field and pot-grown seedling experiments, the former 
commencing in November 1995 and the latter in August 1996. 
The field experiment consisted of three sites (planted in 1973, 1985 and 1991), which 
represents different age classes of a sawwood P. patula rotation (4-, 14- and 22-years-old in 
1995). Starting in November 1995, and continuing until 1997, N was sprayed onto the litter 











N03- leaching. After three years of treatment, the pH of the soil showed no significant 
differences between the control and the treatment plots. However, changes were detected in the 
mycorrhizal populations on the roots of P. patula, including increases in the mycorrhizal density 
of one dominant type at the expense of the other. Isotopic analyses of 15N natural abundance in 
untreated 4-, 14- and 22-year-old P. patula ecosystems were also carried out. The L1 and L2 
layers of all three ecosystems were enriched in 15N and there were no significant differences 
among sites. The F-Iayer however, showed a depletion of IsN, which was characteristic of all the 
sites studied. 
In another part of the experiment, N was added to 10-month-cild seedlings which were 
growing in pots containing shale-derived soil taken from a 14-year-old P. patula stand. Two 
different rates ofN, equalling 50 and 150 kg N ha- 1 and three different ratios ofN03-:NH/ viz. 
I: 1,3: I and 6: I were applied to the soil, while the control pots received no N. Results showed 
that N added to the soil leads to a decrease in the growth rate of P. patula seedlings. These 
trends were well correlated with an increase in the N: P ratio of the foliage of the seedlings, while 
there was a negative correlation with the rootshoot ratio. These results indicate that the 
seedlings were experiencing a deficiency in P and reacted by increasing root biomass, while 
shoot biomass decreased. 
The pine forests of the area have high N levels and increasingl y low P levels, suggesting 
that any additional N will be lost from the ecosystem, a situation approximating stage I of the 
theoretical concept put forth by Aber et al. (1989). Experimental evidence from both the field 
and the seedling experiments suggests that the N:P ratio plays a crucial role in the functioning of 
P. patula plantation ecosystems and that increased availability ofN through increased N 











older stands are especially sensitive, mainly due to immobilization of P in litter and standing 
biomass, predisposing these stands to N saturation. Nitrogen-induced P deficiencies could be 
exacerbated by N-induced changes in the mycorrhizal population structure that could lead to 
dominance of mycorrhizal ecotypes less effective at nutrient uptake. It is expected that increased 
N deposition will lead to increased N03· leaching from the soil profile, both as a result of an 
increase in the nitrification rate and as a resu It of a decrease the the capacity to retain incoming 
N. This will have adverse consequences for stream water quality in afforested catchments of the 
Escarpment, and monitoring programmes are needed to track the development of symptoms and 
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Anthropogenic deposition of Nand S compounds in the form of "acid rain" is one of the major 
consequences of industrialization and fossil fuel burning over the last four decades (Galloway et 
al. 1984; Skeffington and Wilson, 1988; Vitousek et al. 1997; Galloway and Mellilo, 1998). 
Acid rain damage has been linked to the decline of forest trees in Germany and parts of Eastern 
Europe and this has focussed public and scientific attention on the ecological consequences of N 
and S deposition (Nihlg,hd, 1985; Schulze, 1989). Since then many other instances of forest 
dieback and deterioration of forest health in Europe and North America have been attributed to 
acid rain (Nihlgard, 1985; Schulze, 1989; Aber et al. 1989). A major research effort, focussing 
on sulphur, culminated in a sharp reduction in emissions of S02 in Europe and North America, 
while emissions of oxidised N gases continued to increase (Aber et al. 1989; Galloway and 
Mellilo , 1998). However, it soon became clear that oxidised and reduced forms of N contribute 
to some of the reported forest and biodiversity declines that were seen in parts of Europe and 
North America (Aber et al. 1989; Schulze, 1989). Despite numerous attempts to find more 
environmentally friendly alternatives to fossil fuel burning for energy purposes, no realistic 
solutions have been found and combustion of fossil fuels is set to continue unabated into the 21 SI 
century (Galloway and Mellilo, 1998). 
In the atmosphere the dominant N species is the biologically inert gas N2, which 
constitutes 78% of the air. It is biologically converted to NfLt + and N03- by certain bacteria and 
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Hemisphere, have been planted to softwood species such as Pinus spp. and hardwoods such as 
Eucalyptus spp. (Landsberg and Gower, 1997). In many southern hemisphere countries such as 
South Africa and Australia, significant climatological and pedological constraints limit land 
available for commercial forestry. The management of these short rotation forests is therefore 
highly intensive and rotations generally range from 6 to 9 years for Eucalyptus spp. to 40 years 
for some Pinus spp. (Landsberg and Gower, 1997). 
The physiological basis underlying the high productivity of these forests is a shift in dry 
matter allocation to leaves, thereby increasing the photosynthetic capacity of the tree (Ericsson et 
al. 1992). One of the objectives of this highly intensive biomass production is to keep nutrient 
concentration, water supply and light exposure optimal balanced in order to optimise growth. 
Productivity of forest ecosystems, whether natural or cultivated , is often limited by a shortage of 
N (Waring and Schlezinger, 1985; Landsberg and Gower, 1997). This is because N is an 
essential element for plant growth and is a major component of amino acids, proteins and other 
biologically active compounds. In contrast to the normal situation, several cases of high N 
deposition to forest ecosystems have been recorded in Europe (Mohren et al. 1986; Van 
Breemen and Van Dijk, 1988; Heinsdorf, 1993) and North America (Johnson and Lindberg, 
1992; Fenn et al. 1998). This leads to a state where water or light or nutrients other than N limit 
growth. This situation has been termed "N saturation" by Aber et al. (1989). Much debate 
surrounds the exact definition and significance of the term. Aber et al. (1989) define it as a state 
where N is in excess of plant and microbial demands, leading to leaching ofN03- from the 
rooting zone (Fig. 1.1). N saturation can also be defined as a state where primary production will 
decrease with an increase in N supply, growth being limited by other factors such as P, base 











(1989) can already be seen in a number of forest ecosystems in North America (Aber et al. 1989; 
Bytnerowicz and Fenn, 1996; Williams et al. 1996) and Europe (Schulze, 1989; Katzensteiner et 
al. 1992; Dise and Wright, 1995) and will be used as a definition in this thesis. 
Plants are not preadapted to N availability exceeding demand, hence excess N represents a 
unique stress on plants (McNulty et al. 1990). Recent studies and reviews have shed more light 
on the direct consequences ofN excess in forestry ecosystems (Aber et at. 1989; Agren and 
Bosatta, 1988; Schulze, 1989; Aber et al. 1993). Nitric acid contributes to weakening of the 
cuticle of leaves of conifers and this may predispose trees to other environmental stresses such as 
drought and other air pollutants (Bytnerowicz and Fenn, 1996). It is also known that N, in the 
form ofNO)- and N~ + can be taken up directly through the leaves, leading to elevated N 
concentrations in the leaves (Wilson and Skeffington, 1994b; Bytnerowicz and Fenn, 1996). 
Direct effects of high levels of NOx and NHJ in the long term lead to a loss of needle biomass 
(Boxman et al. 1998b), however, the indirect effects have led to most concern. 
Hypotheses regarding changes in forest ecosystem functioning in response to elevated N 
deposition were first put forward by Aber et al. (1989), who recognised four stages of ecosystem 
response (Fig. 1.1). Stage 0 represents an ecosystem that receives only background levels ofN 
deposition. This is normally the case in coniferous ecosystems where the N-cycle is tightly 
controlled and no N is lost (Aber et al. 1989; Gundersen et at. 1998). In stage 1 of ecosystem 
response small losses ofN occurs through leaching ofNO)-, although this is still mainly confined 
to the growing season (Aber et al. 1989; Gundersen, 1991). With further increases in N, the total 
N concentration in the leaves increases, similar to the response found after a single event 
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Fig. 1.1 Hypothesized timecourse of N saturation in northern temperate forest 
ecosystems (modified from Aber et al. 1989). Diagram A reflects changes in nitrogen 
cycling and nitrogen loss, while diagram B reflects plant reactions to the changing levels 











This response to elevated N would be associated with increased foliar biomass and tree growth, 
leading to dilution ofN and a subsequent return to pre-treatment N concentration in the foliage. 
These changes in nutrient dynamics are associated with an increase in biomass accumulation 
towards the end of stage I, which will continue into and peak in stage 2. 
A decline in the growth rate and foliar biomass is expected to take effect towards the end 
of stage 2, mainly due to a hypothesized reduction in the root biomass and consequent shortage 
of water and nutrients. A reduction in root biomass in reaction to increased N availability has 
been demonstrated for coniferous forests (Nadelhoffer et al. 1985; Sullivan, 1993) and is blamed 
for some instances of forest dieback where drought coincided with the advent of stage 3 N 
saturation. Many mycorrhizas have been shown to be sensitive to chronic N deposition. Both 
NO)· and NH/ have been shown to be toxic to mycorrhizal growth and development 
(Termorshuizen and Schaffers, 1987; Jansen and Dighton, 1990), which has led to reduced 
mycorrhizal frequency and changes in mycorrhizal species composition such as those recorded in 
forests in the Netherlands (Termorzhuizen, 1993) and Sweden (Brandrud, 1998). The rate of 
mineralization and nitrification as well as gaseous losses ofN are also hypothesized to increase 
at the end of stage I, and even fu ther in stages 2 and 3. A recent advance in the understanding 
of the consequences ofN saturation was reported where it was found that below a certain ratio of 
C:N in the ecosystem the rate of nitrification is dramatically increased, leading to further NO)· 
leaching and loss of base cations (Gundersen et al. 1998). The CN ratio of litter in the organic 
soil layers has been found to be a controlling factor that determines the rate of mineralization in 
coniferous ecosystems (Berg and Ekbohm, 1983; Gundersen et al. 1998). An increased rate of 
nitrification, induced by elevated N deposition, is one of the major reasons for an increased NO)-











consequence, leaching would not be confined to the growing season only, but will also happen in 
the non-growing season (Emmett et al. 1995b; Gundersen, 1991). Leaching of N03- has been 
shown to lead to losses of base cations from the soil. K, Mg and Ca act as accompanying ions to 
N03- leaching from the soil profile and in this way base cations are lost permanently form the 
soil pool. In forests growing in soils with low base cation status, this has been shown to lead to 
deficiencies of K, Mg and other nutrients (Katzen steiner et al. 1992). 
Stage 3 of ecosystem response to elevated N is characterised by dramatic losses in foliar 
biomass, NPP and root biomass and have been demonstrated for coniferous forests in the 
Netherlands (Boxman et al . 1998b) and Germany (Schulze, 1989). Reduced root biomass and 
reduced mycorrhizal numbers contribute to reduced uptake of nutrients and water, predisposing 
forests to drought and other disturbances (Aber et al. 1989; Fenn et al. 1998). The mechanism 
that eventually triggers this forest decline and dieback appears to be different among different 
ecosystems. Base cation deficiencies (Kollig et al. 1997), P deficiency (Mohren et al. 1986) and 
aphid attacks (Fluckiger and Braun, 1998) have been shown to contribute to forest decline. An 
increase in the N concentration in the leaves of deciduous and evergreen trees in Europe has been 
shown to be positively related to an increase in fungal attack as well as an increase in the 
frequency of aphid outbreaks (Fluckiger and Braun, 1998). It is also thought that increased N 
concentrations in the leaves of forest trees will lead to reduced frost hardiness (Nihlgard, 1985). 
Further negative responses in certain ecosystems may result from the interactive effects ofN 
with other factors contributing to global change such as CO2, 03 and global warming, although 
some initial positive responses are also likely. 
Aber et al. (1989) suggested that the change in N dynamics in the ecosystem from one of 











However, recently Cannell and Thornley (2000) suggested that the continuum ofN saturation be 
clarified to include states of equilibrium and disequilibrium with or without N saturation. Two 
possible states of equilibrium can exist: true N saturation where N inputs equal N outputs, and an 
unsaturated state where N inputs equal outputs. The former situation is of an ecosytem exposed 
to large amount ofN, and the next step in the continuum is of a damaged ecosystem with 
changes to the soil and damage to the vegetation, which approximates stage 2 and 3 of the Aber 
et al. (1989) definition. For the sake of simplicity and comparison, the Aber et al. (1989) 
definition and stages ofN saturation will be used in this study. 
Along with several developed countries, emissions of Sand N compounds are on the 
increase in many developing countries in Africa and East Asia (Galloway et al. 1994). It is 
estimated that by the year 2020, emissions from these countries will have increased beyond those 
of the developed countries in Europe and North America, where legislation introduced is 
expected to lead to a reduction of Sand N emissions. Emission densities of sulphur dioxide 
(S02) and inorganic N compounds (NOx; HNO). NHx) on the Mpumalanga Highveld are 
relatively high and rival some of the worst cases of air pollution in Sweden, Britain and the USA 
(Tyson et al. 1988). Urban and industrial activities have been identified as the main sources of 
anthropogenic Sand N compounds in the atmosphere over the Highveld (Tyson et al. 1988). 
The deposition rate ofN species ranges from 15 kg N ha'i y{l (wet deposition, NO)' and NH4 + 
combined) on the Highveld in Mpumalanga (Tyson et al. 1988) to an estimated 24 to 41 kg N ha 
yr'l bulk (wet and dry deposition combined) at three sites on the Drakensberg escarpment 











Tyson el al. (1988), in a review of air pollution in the Highveld and adjacent areas, 
concluded that Nand S air pollutants could have a negative impact on the commercial forests of 
Mpumalanga (formerly known as the Eastern Transvaal Highveld). A number of studies 
investigated the direct effects of S02 on commercial pine species (Kelly, 1986) and indirect 
effects ofS04
2, on pines stands in South Africa (Carlson, 1992) while virtually no work exists on 
the effects wet and dry deposition ofN. Forest decline of P. palula stands has been noticed in 
Swaziland while chlorotic flecking and mottling of pine needles have been noticed for the past 
two decades (Tyson et al. 1988). None of these symptoms could be attributed to drought or 
disease. The effects of the increase in the acidity of rain due to the conversion of S02 to H2S04 
are dealt with by Carlson (1992). Her work indicated that excessive S per se is unlikely to cause 
harm to the ecosystem. It is recognized, however, that the acidifying effect of SO/' ions can 
influence commercial pine stands via its effect on Ca and Mg availability, mycorrhizal 
populations and AI mobilization (Cronan and Grigal, 1995). Currently it is not known whether 
increased inputs ofN will enhance the growth of plantation trees in the Drakensberg escarpment 
or whether it will eventually lead to nutrient imbalances and disease and subsequent mortality of 
the trees in the ecosystem. 
Traditionally, N is limiting in coniferous forest ecosystems, but new evidence indicates 
that this is not the case in the plantations of the Eastern seaboard of South Africa (Dames, 1996; 
Nowicki, 1997) although responses to fertilizer N are varied (Schonau, 1983). While N 
availability is high, the availability of other nutrients such as P, K and Mg may be in short 
supply. In addition, soils in the area are highly leached and inherently low in base cations and 
therefore highly sensitive to acidification due to inputs of S03' and N03' (Olbrich , 1995). 











to acid deposition (Olbrich, 1995). These factors may work together to create a situation where 
any additional N could reduce optimal functioning of the ecosystem, resulting in either an 
increase or a decrease in productivity, combined with changes in the pH of the soil substrate. 
The overall objective of this thesis was to study changes that occur in ecological 
functioning of a P. patula plantation ecosystem during and after N avai lability in the ecosystem 
had been increased by applying N03- and NH/ to experimental plots. A simulated N deposition 
experiment was chosen over a longer-term experiment in order to speed up and track the effects 
of the ambient and anthropogenic levels ofN deposition on the P. patula ecosystem. A field trial 
was set up to test the reaction of P. patula ecosystems on shale-derived soils to simulated N 
deposition. Pinus patula is the most important pine species in the region and was therefore 
chosen as subject for this study. There are indications that stands of different ages react 
differently to high levels ofN deposition (Stevens et al. 1994), and this was accommodated by 
examining three sites that have different aged trees, but are on the same soil type and in the same 
geographical area. The reaction of the different components of the ecosystem, such as soil 
chemistry, litter decomposition, mycorrhizas, and 15N of different ecosystem elements were 
tested against plots that received no additional N, apart from ambient imputs. Mechanisms of 
change in ecosystem functioning in ecosystems exposed to elevated N levels were tested in a 
seedling experiment with P. patula seedlings, similar to the method applied by Wilson and 
Skeffington (1994a; 1994b). Changes that may occur in the seedling experiment were compared 
to trends observed in the field experiment and the implications discussed. 
The structure of this thesis is of a series of papers that describe different aspects of 
ecosystem functioning in reaction to simulated N deposition. Fertilized plots are compared to 











whereby forest functioning may change. A site and species description is given in Chapter 2, 
while in Chapter 3, growth and nutrition of P. patula trees exposed to simulated N deposition is 
examined. Excess N effects on the soil and soil water chemistry are reported in Chapter 4. 
Decomposition and nitrification are also prone to changes with an increase in N and this is 
examined in Chapter 5. Root and mycorrhizal dynamics is documented in Chapter 6, while 15N 
natural abundance of P. patula ecosystems and changes with increased N availability is 
examined in Chapter 7. Chapter 8 sums up work that deals with growth and nutrition of P. 
patula seedlings that have been exposed to high levels ofN, with reference to similar changes in 
the field experiments. Chapter 9 is a synthesis of the main conclusions of this study, with 











SITE AND SPECIES DESCIPTION 
In 1997 approximately 1,4 million hectares of land in South Africa were planted to exotic forests 
(Forest Owners Association, 1997). Of that figure, 47% was under various Pinus species and 
24% planted to Eucalyptus grandis, with the rest planted to hybrids of E. grandis, other 
Eucalyptus spp. and Acacia mearnsiI'. The majority of pine plantations consist of P. patula, P. 
taeda, P. elliotii, and P. radiata. Approximately 41 % of the total planted forestry area in South 
Africa is situated in the Drakensberg escarpment or foothi lls in Mpumalanga province (Fig 2.1). 
The Drakensberg escarpment runs in a North-South direction and separates the Highveld to the 
west from the Lowveld to the east. In terms of area planted, P. patula is the most important 
forest species in the escarpment area (Forest Owners Association, 1997). With a limitation on 
land suited to forestry, these plantations are managed intensively to optimise wood production. 
Most of the pine stands in Mpumalanga are in their second rotation, and a small number in the 
third rotation. The wood is used for pulp production and sawlogs (Forest Owners Association, 
1997). Mining timber, for use as support beams in mine shafts, also forms a substantial portion 
of wood produced, although, due to the economic decline in the mining sector, this is on the 
decrease. Currently pine stands earmarked for sawwood is clearfelled at 25 - 32 years, 











rotation is much shorter, ranging from 16 to 20 years. In the Usutu forest in Swaziland, where P. 
patula is grown for pulpwood, the rotations range from 16-18 years (Morris, 1993). 
Pinus patula is native to Mexico, where it grows in a warm temperate climate (Wormald, 
1975). It was introduced into South Africa in 1907. Pinus patula is used extensively for both 
sawwood and pulp and paper manufacturing purposes (Wormald, 1975). It is a straight 
cylindrical, occasionally forked tree, norn1ally 20-30 m in height. Distinctive characteristics of 
the species are its slender pendulous leaves, rough, reddish orange bark on the upper bole and 
conical pedunculate cones. Leaves are persistent for 2 - 4 years and held in fascicles of 3 - 4, 
with fascicles of2 and 5 rare (Wormald, 1975). Recent studies in the Drakensberg Escarpment 
area have found that leaf longevity varies between 1.5 and 2.5 years (Olbrich, 1993b). 
Pinus patula grows in a wide variety of soils, but fertility is of great importance 
(Wormald, 1975). Soils favoured by P. patula are acid and have a good moisture supply 
(Wormald, 1975). Pinus patula will not grow well in sites that have a high pH, such as volcanic 
soils (Durham, 1965). Another factor that seems to be of importance is the rooting depth. It can 
grow in 15 cm of soil, provided that the roots can penetrate the underlying material, be it rock or 
soft laterite. However, soil depth is important when soil moisture becomes limiting to growth. 
Pinus patula is also planted in Swaziland, Zimbabwe, Kenya, Tanzania and other southern and 
eastern African countries as well as in New Zealand, Ecuador, Chile and Argentina. In South 
Africa, it is grown most successfully between 1000 and 1800 metres above sea level. The 
species appears to do well in the summer rainfall areas in South Africa where rainfall exceeds 
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_ Forest plantations 
Fig. 2.1 The distribution of some of the major towns and other urban areas in Mpumalanga area and the extent of 
afforested areas in Mpumalanga province. Most of the forestry area is situated in the Drakensberg escarpment area 











The Drakensberg escarpment in Mpumalanga province is characterized by prime 
conditions for commercial forestry (Schutz, 1992). It is a summer rainfall area with January and 
February being the wettest months and June and July the driest (Fig. 2.2). Mean average 
temperature rarely falls below freezing in winter. In most of the forestry area the rainfall 




80 -500 Actual monthly precipitation ";-70 10 
/ 
..r:::: - Cl E 60 ~ 




0 .. .. 10 300 u 
~ 40 c.. a. a. 
u 10 
(1) 200 30 r:::: ... 
a.. (1) 
Cl 




Fig. 2.2 Average and actual monthly rainfall at Brooklands plantation office and the 
regime for application of N on the three sites. Rainfall is on the left hand side y-axis, 
and times and dates of N application on the right hand side y-axis. Brooklands 
plantation office represents the most proximate rainfall gauge with long-term rainfall 
data to the three sites. It is approximately 12 km away from the 4-year-old site, which is 
the furthest away. The long-term average monthly precipitation represents the mean of 
46 years (Schutz, 1990). 
The soils underlying the afforested areas in Mpuma1anga arise from a variety of parent 
materials, including shale, dolomite, granite, quartzite and diabase (Fig. 2.3). These soils are 










wn.. ~ ~- ... . 
. ! ~ 
'! 
~ .' ... 
~ .. ~ 
... /. 
80 o 80 
~' ''' &£7 .. , \ 1 
N 
160 Kilometers W-<?-E 
S 
Legend 









Fig. 2.3 A depiction of the afforested areas in Mpumalanga Province, South Africa, superimposed on a depiction of the 
major geological formations in the province. The area under forests in the Drakensberg escarpment area coincides with 
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EXPERIMENTAL DESIGN OF TRIALS 
The field experiment was established in December 1995. Details of the sites are given in Table 
2. 1. Three sites were chosen to represent different ages in a sawwood rotation. Care was also 
taken to ensure homogeneity in terms of soil depth, soil type and climatic variables , where 
possible. All three sites were situated within a 20 km radius of each other near Sabie in 
Mpumalanga province (30039'E, 25°12'S), on soil derived from the dominant geology in the 
immediate vicinity, namely shale. All three sites are situated above 1200 metres above sea level 
and receive mean annual precipitation in excess of 1000 mm. The soils are all highly dystrophic 
(Soil Classification Working Group, 1991). A summary of the most important chemical 
characteristics of the upper 10 cm of mineral soil on the unfertilized plots of the three sites, 
determined at the end of the experiment in March 1998, is given in Table 2.2. Organic C 
concentration was highest on the youngest site and lowest on the oldest site. A similar trend was 
evident for total base cation concentration and available P and total N concentrations. Although 
not significantly different (p<0.05; ANOYA, followed by Duncan's multiple range post hoc 
test), the 22-year-old site had lower pH (in 0.0 I M CaCb) than the two other sites. 
The field experiment ran from December 1995 until March 1998. Each study site 
consisted of four fertilized plots and four unfertilized plots. More detail on the experimental 
design of the three sites is given in Table 2.3. As far as possible, trials were laid out in a 
randomised design. All plots consisted of a working area containing a measuring plot, where all 
measurements and sampling were carried out. Due to the low stocking rate in the 14- and 22-
year-old compartments, the size of the outer plots and the measuring plots was increased in order 
to increase the number of measuring trees on each plot. A summary of the most important data 











Table 2.1 Geographical and silvicultural information for the three experimental sites at 
the time of commencement of the field experiment. The three sites were chosen to 
t d ffl t . P at I w ad at t' , ,.
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Slope (0) 3 7 15 
Aspect of terrain SW NE East 
Altitude (m.a.s.l.) 1570 1234 1234 
Mean annual precipitation (mm) 1853 1201 1201 
Parent Material Shale Shale Shale 
Soil form Mispah Nomanci Nomanci 
Effective soil depth (cm) 30 40 60 
Date of planting Dec. 1991 Nov. 1983 Sept. 1973 
Thinning status Not been thinned First thinning Second thinning 
Pruning status (height pruned in m) 1,5 7 11 
Fertilizer regime No fertilization No fertilization No fertilization 
Rotation Second Second Second 











Table 2.2 Soil chemistry of the unfertilized plots from the three sites at the end of the 
treatment period. Values are the means of the four plots per treatment. The values in 
parenthesis represent one standard error from the mean. Within each parameter, 
values followed by the same letter are not significantly different at p<O.05 determined by 
ANOVA followed b Duncan's multi Ie ran east hoc test. In all cases n=4. 
EC (mS) 
0.27ab 0.31a 0.16b 
(±0.03) (±0.04) (±O.OO) 
pH (CaCI 2) 
3.94a 3.82a 3.73a 
(±0.05) (±0.07) (0.06) 
Acidity (me%) 5.99a 
7.52a 6.41 a 
(±1.7 ) (±0.61 ) (±0.43) 
Na (meq 100mg·1) 0.18a 
0.14ab 0.13b 
(±0.05 ) (±0.02 ) (±0.01 ) 
K (meq 100mg·1) 0.14a 
0.19a 0.06b 
(±0.03 ) (±0.07 ) (±0.01) 
Ca (meq 100mg·1) 
0.31a 0.28a 0.26a 
(± 0.05) (± 0.02) (±0.03 ) 
Mg (meq 100mg·1) 0.19a 
0.14a 0.08b 
(±0.04 ) (±0.02 ) (± 0.01) 
Total bases (meq 100mg·1) 
0.81a 0.75ab 0.53b 
(±.17 ) (±0.12 ) (±0.04 ) 
Total bases, excluding K (meq 100mg·1) 
0.68a 0.56ab 0.48b 
(±0.15) (± 0.05) (±0.04) 
Cu (mg kg·1) 
4.13b 3.95b 5.89a 
(±0.53 ) (±0.51 ) (±0.87 ) 
Zn (mg kg·1) 
1.47a O.77a 1.32a 
(±0.42) (±0.10) (±0.53) 
Mn (mg kg·1) 
1.93a 2.38a 2.06a 
(±0.58) (±0.96) (± 0.32) 
Fe (mg kg·1) 
214.25b 244.75b 908.75a 
(±86.82) (±69.59) (±256.30) 
Organic C (%) 
3.78a 4.16a 2.09b 
(±0.88) (±0.63) (±0.05) 
Total P (I-Ig g.1) 
9.63a 10.18a 8.73a 
(±1.43) (±0.4 7) (±0.56) 
Total N (mg g.1) 1.09a 
0.86b 0.41b 











Number of plots 
Size of outer plot (tree rows) 
Size of measuring plot (tree rows) 









a total of320 kg N ha- I over the course of the experimental period (Fig. 2.2). Nitrogen was 
applied as a mixture of KN03 and NH4N03 dissolved in water and applied with backpack 
sprayers. The ratio ofN03-:N~ + in the application mixture was 3: I, reflecting the ratio in the 
precipitation over the Drakensberg escarpment area. Ammonium nitrate in crystal form and KCl 
were mixed with water from a nearby river to give a final volume of 0.01 litres m2. This mixture 
was sprayed onto the litter layer of the fertilized sites with backpack sprayers. To simulate the 
periodicity of bulk N deposition inputs, N was applied in five batches of20 - 30 kg N ha- I in the 
summer (November to March of each year), starting in the summer of 1995/1996 and ending in 
the summer of 199711998 (Fig. 2.2). 
N inputs were restricted to a maximum of 30 kg N ha- I at any single application event. 
Unfertilized plots received no additional water or N, bar the annual input from rain . Detailed 












Nitrogen in the form of N~ + or NO)- is essential for plant growth and regulates production, 
structure and functioning of many terrestrial ecosystems (Tamm, 1985). Nitrogen is, however, 
frequently in short supply in terrestrial ecosystems, effectively limiting productivity. Most forest 
ecosystems are adapted to low levels ofN and many trees are often adapted to scavenge for N in 
different forms (Waring and Schlesinger, 1985). In such ecosystems the N cycle is closed - very 
little N is lost from the ecosystem. Efficient and conservative cycling ofN is disturbed under 
conditions of high N deposition to forest ecosystems, and this eventually culminates in the 
ecosystem becoming saturated with N (Aber et al. 1989). Many European forest ecosystems are 
already saturated with N and deposition ofN to forest ecosystems is also increasing in Africa and 
East Asia (Galloway, 1998). It is therefore essential to study the effect of high N deposition on 
N cycling in ecosystems in these regions to gain insight into long-term trends in economic and 
ecological sustainability of ecosystems. 
Current hypotheses regarding the effects of increased N deposition on N cycling in forest 
ecosystems predict that the N concentration in the foliage would increase after the ecosystems 
have reached N saturation (Aber, 1992; Fenn et al. 1998; Gundersen et al. 1998). A good 











foliage of coniferous trees (Box man et al. 1998b; Gundersen et al. 1998). High levels of N in 
the needles are frequently accompanied by changed inter-element relationships in the needles, 
which may also impact negatively on growth (Oren et al. 1988). The N:P ratio is especially 
crucial to growth of forest trees; P is also frequently limiting to growth (Waring and Schlesinger, 
1985; Mohren et al. 1986). High levels ofN in the foliage, ifnot augmented by increased uptake 
ofP, will disrupt optimal N:P ratios for growth, eventually leading to P deficiency (Koerselman 
and Meuleman, 1996; Mohren et al. 1986). A unilateral increase in N availability in the 
ecosystem due to high N deposition will also disrupt N:base cation ratios. In the Northern 
Hemisphere, needle loss has been correlated to imbalances in the N:Mg ratio and low Mg and Ca 
levels in foliage and soil (Katzensteiner et al. 1992; Oren et al. 1988). 
In many areas affected by high N deposition rates, growth of trees has declined after N 
saturation has been reached (Schulze, 1989; Gundersen et al. 1998), eventually reaching a stage 
of tree decline where dead or dying trees are common. In the stage following N saturation any N 
in excess of plant demand will not lead to increases in growth (Aber et al. 1989; Gundersen et al. 
1998). Instead, luxury uptake ofN may take place where the N content of the foliage increases, 
without a concomitant increase in growth. However, any changes in growth and nutrition of 
trees following N application usually take place over several years to decades, depending on the 
degree of predisposition to N saturation (Emmett et al. 1995a). The extended development of 
these primary symptoms usually then give way to an array of secondary symptoms that are 
specific to certain circumstances. Tree decline in Europe has been linked to decreased frost 
hardiness and decreased resistance to fungal pathogen attacks, which has been linked to excess N 
in foliage (Nihlgard, 1985; Skeffington, 1990; Fluckiger and Braun, 1998). Excess N has also 
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ages growing in the Drakensberg escarpment area to high applications of simulated N deposition. 
At the same time the effects of high N inputs on N:P ratios, N:base cation ratios as well as 
retranslocation ofN and P in young, middle rotation and old P. palufa trees were evaluated. The 
relationship between element content, concentration and leaf (needle) growth of the fertilized 
and unfertilised plots of the three sites was also evaluated (vector analysis). It is expected that 
simulated N deposition will change the N:P and N:cation ratios in the foliage such that this may 
impact on growth. In addition, the effect of similar doses of fertilizer will provide the 
opportunity to study the effect of simulated N deposition on different aged stands in a P. palufa 
plantation ecosystem. 
MATERIAL AND METHODS 
Experimental sites (250 1 O'S 300 40'E) were located in the Drakensberg escarpment forestry area, 
approximately 20 km from Sabie, Mpumalanga Province, South Africa. All three sites were 
situated on shale-derived soils. Detailed soil descriptions, climate and characteristics of each site 
are given in Chapter 2. At the start of the experiment the sites contained 4-, 14- and 22-year-old 
P. palufa stands and all three sites were in the second rotation of planting. Olbrich (1995) 
showed that the higher elevation P. palufa forests in the Drakensberg escarpment receive in 
excess of20 kg N ha- I yr-I. Nitrogen in the simulated N deposition sites was applied as a mixture 
of KN03 and NH4N03 dissolved in 70 i of water and applied with backpack sprayers (fertilized 
plots), totalling 320 kg N ha- I over three years. The ratio of N03-:NH/ in the application 
mixture was 3: 1, reflecting the ratio in the precipitation over the Drakensberg escarpment area 











30 kg N ha-
I 
in the summer, starting in the summer of 1995/1996 and ending in the summer of 
199711998 (See Fig. 2.2) . The unfertilized plots received no additional N or water. 
Growth 
Diameter at breast height (DB H) and height of the trees were taken as the main measures of 
growth. Diameter at breast height was taken at the start of the experiment and thereafter three 
times a year in February, June and December from 1995 to 1998. A diameter tape was used to 
measure the DBH at 1.3m above the level of the forest floor. Where possible, height 
measurements were taken at the same time as DBH measurements. Rods were used to measure 
height of trees on the 4- and 14-year-old sites, while a Blume-Liess hypsometer was used to 
measure the height of trees on the 22-year-old site. Three replicates were taken for every tree on 
the latter site and the average used in data analyses . The mean volume per tree was calculated 
according to Kotze (1995), using the Max and Burkhart equation (Max and Burkhart, 1976), 
adapted for P. patula_ 
Nutrient relations 
Needles were sampled in May 1996 and again in May 1997 for nutrient analysis, in accordance 
with the recommendations ofPayn et al. (1989). They recommended sampling of coniferous 
foliage in South Africa during the winter season because of the relative stability of the nutrient 
content during this period. Samples were taken form the current year's needles (YO) and the 
previous year's needles (Y 1) in the upper third of the canopy. Olbrich (1993b) showed that the 
longevity of needles for P. patula is approximately 18 months. Needles older than two years 
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Fig. 3.1 Schematic representation of relationship between nutrient concentration, 
nutrient content and dry weight of needles following nutrient application (from Timmer 
and Stone, 1978). The open circles represent the unfertilized and the solid circles the 
fertilized plots. Each of the solid circles represents a possible direction shift, which 
represents changes in nutrient concentration, nutrient content and leaf growth. 
Table 3.1 Interpretation of directional differences in nutrient concentration, nutrient 
content and dry weight between fertilized and unfertilized plots (Timmer and Stone, 
1978; Timmer and Armstrong, 1987). The interpretation also includes a diagnosis 
based on the of the shift. 
A + + Dilution Non-limiting 
B + 0 + Sufficiency Non-limiting 
C + + + Deficiency Limiting 
D 0 + + 
Luxury Non-toxic 
consumption 
E ++ + / - Excess Toxic 
F Excess Antagonistic 
Statistical analysis of data 
Mean values for fertilized and unfertilized sites were compared using the students t-test 











followed by Duncan's post hoc test was used where more than two mean values were compared. 
The Wilcoxon rank sum test was used to compare nutrient concentrations, nutrient contents and 
leaf growth of fertilized and unfertilized plots (Stevens et al. 1994). Summarized ANOVA 
tables can be found in Appendix I. 
RESULTS 
Growth 
DBH increment (the difference between the first and last measurement) over the three growing 
seasons was largest on the 4-year-old site, the trees on both unfertilized and fertilized plots 
nearly doubling their mean diameter at 1.3m height (Fig. 3.2). The two older sites exhibited a 
much lower diameter growth rate than the 4-year-old site over the course of the three growth 
seasons. There was a significant difference (p<O.05; student's t-test) between the total DBH 
increment of the unfertilized and fertilized trees on the 4-year-old site . This is the result of a 
significant increase in annual DBH increment in 1996, while no increase occurred in 1997. No 
significant increases in annual or total DBH increment were found at any of the other sites . N 
treatment in 1996 also resulted in significantly shorter trees on the fertilized than on the 
unfertilized plots of the 4-year-old site (Fig. 3.3) . No differences were evident in 1997, but the 
total incremental difference in height was again significantly smaller on the fertilized than the 
unfertilized plots. Neither the 14- nor the 22-year-old sites reacted significantly in terms of tree 
height in 1996 or 1997. Height increment on the 14-year-old site was higher than on the 22- or 
the 4-year-old site, both in terms of annual increment and total height increment. No significant 
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Fig. 3.2 Mean OBH increment on the unfertilized and fertilized plots of the 4-, 14- and 
22-year-old P. patula sites. Points plotted are the mean of all four the plots per 
treatment or control. Error bars represent one standard error from the mean. Asterisks 
are used to indicate significant differences between treatments at a specific sampling 






































1996 1997 1996+1997 
Time (years) 
Fig. 3.3 Mean height increment on the unfertilized and fertilized plots of the 4-, 14- and 
22-year-old P. patula sites. Points plotted are the mean of a/l four the plots per 
treatment or control. Error bars represent one standard error from the mean. Asterisks 
are used to indicate significant differences between treatments at a specific sampling 









































1996 1997 1996+1997 
Time (years) 
Fig_ 3.4 Mean volume increment on the unfertilized and fertilized plots of the 4-, 14-
and 22-year-old P. patula sites. Points plotted are the mean of all four the plots per 
treatment or control. Error bars represent one standard error from the mean. Asterisks 
are used to indicate significant differences between treatments at a specific sampling 











site showed a volume increment that was of the same order the 4-year-old site, both sites 
showing significantly higher mean volume increment than the 22-year-old site. 
Nutrient relations 
Mean N concentrations in the needles of P. patula range from 2. I % in needles sampled from 
unfertilized plots to 2.7% in needles sampled from fertilized plots of the 4-year-old site (Table 
3.2). Mean N concentrations in current needles sampled from the fertilized plots of all three sites 
were significantly higher (only atp<O. I) than the mean concentration in the needles sampled 
from the unfertilized plots. This trend was also seen in the one-year-old needles . No significant 
differences were observed between one-year-old needles and current needles . Simulated N 
treatment resulted in a significantly lower P concentration in the current leaves sampled from the 
4-year-old site. 
Calcium and Mg concentrations generally showed decreases from the unfertilized to the 
fertilized leaves, but this was significant (p<O .05) only between the Mg concentration of the 
unfertilized and the fertilized plots of the three sites . There were no significant differences 
between the Mg and Ca concentrations of the current and the one-year-old needles. Potassium 
was the carrier ion in the N mixture that was sprayed onto the plots and therefore shows 
significant increases in concentration from the unfertilized to the fertilized plots in both the 
current and the one-year-old needles. 
The microelements AI, Fe, Cu and Mn did not show any significant changes due to 
simulated N treatment, with the exception of a significant (p<O.05) increase in Cu concentration 











general decrease in concentrations of AI, Fe and Cu from the 4-year-old to the 22-year-old site, 
while a decreasing trend in Mn concentrations was evident. 
Mean N:P ratios in the current and one-year-old leaves of fertilized plots of all three plots 
were higher than those of the unfertilized plots, although, like the total N results , this was 
significant only at the p<O.l level when the ANOV A was applied across ages, treatments and 
leaf ages (Table 3.3). This trend was, however, significant only at the 22-year-old site. 
Nitrogen :Ca and N:Mg ratios generally increased significantly from the unfertilized to the 
fertilized sites, except in the one-year-old needles where the inc!:easing trend was not significant 
(p<O.05). Simulated N treatment resulted in significant decreases in the N:K ratio on the 14-
year-old site, while mean Ca:AI ratios decreased significantly from the unfertilized to the 
fertilized plots of the 14- and the 22-year-old sites . 
Leaf litter taken from the fertilized plots of the 4- and 14-year-old sites contained 
significantly higher N concentrations than the unfertilized plots (Table 3.4). A similar trend was 
evident at the 22-year-old site, but this was not significant. The level ofN in the litter of the 4-
year-old site was significantly higher than at both the l4-year-old and the 22-year-old sites. 
Phosphorus concentration in the leaf litter of the fertilized plots of the 4-year-old site were 
significantly lower than that of the fertilized plots. Phosphorus concentration in the leaflitter 
also showed a significant decreasing trend from the 4-year-old to the 22-year-old site. Potassium 
concentration in the leaflitter of all three sites was significantly higher in the fertilized plots than 
the unfertilized plots . No significant differences between fertilized and unfertilized plots were 
evident in Ca and Mg concentrations and microelements did not show any significant differences 
between unfertilized and fertilized plots, with the exception of a significant increase in Fe on the 
4-year-old site. The Ca concentrations in the leaf litter were higher than that of the current and 
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Table 3.2 Means of nutrient concentrations in current and one-year-old needles of unfertilized and fertilized plots of the 
three sites investigated. Leaves were sampled in June 1997. Values are the mean of the four plots per treatment. Within 
each parameter values followed by the same letter are not significantly different at the p<O.05Ievel of significance (three-
factor ANOVA followed bv Duncan's multiole ranae oost hoc test). 
One~year-old needles 
Unfertilized 
N 4-year-old 2.31 (± 0.07)be 2.59 (± 0.11 )ab 2.19 (± 0.02)e 
(%) 14-year-old 2.38 (± 0.1 O)abe 2.66 (± 0.08)a 2.41 (± 0.11 )abe 2.59 (± 0.12)ab 
22-year-old 2.21 (± 0.04)ed 2.55 (± 0.08)ab 2.14 (± 0.12)e 2.52 (± 0.16)ab 
p 4-year-old 0.17 (±0.012)a 0.16 (±0.005)b 0.14 (±O.OO7)be 0.13 (± 0.004)e 
(%) 14-year-old 0.16 (±0.005)b 0.17 (±0.004)b 0.16 (±0.004)b 0.15 (±0.007)be 
22-year-old 0.17 (±O.OO7)b 0.17 (±0.014)b 0.13 (±0.005)e 0.13 (±0.012)e 
K 4-year-old 1.35 (±0.05)ab 1.64 (±0.07)a 0.84 (±0.25)d 1.24 (±0.05)eb 
(%) 14-year-old 1.00 (±0.07)ed 1.56 (±0.04 )ab 0.97 (±0.07)ed 1.27 (±0.04)be 
22-year-old 0.96 (±O.07)ed 1.34 (±0.09)ab 0.92 (±0.08)d 1.25 (±0.11 )be 
Ca 4-year-old 0.36 (±0.04)a 0.33 (±0.05)abe 0.23 (±0.07)b 0.31 (±0.02)abe 
(%) 14-year-old 0.35 (±0.02)a 0.21 (±0.01 )abe 0.27 (±0.06)abe 0.24 (±0.04)e 
22-year-old 0.34 (±0.04)a 0.26 (±0.04) be 0.29 (±0.01)a 0.26 (±0.04 )abe 
Mg 4-year-old 0.21 (±0.01)a 0.17 (±0.01)b 0.13 (±0.04 )be 0.15 (±0.01 )ab 
(%) 14-year-old 0.20 (±0.01)a 0.19 (±0.03)b 0.16 (±0.02)ab 0.13 (±0.01)b 
22-year-old 0.21 (±0.02)a 0.19 (±0.01)b 0.20 (±0.04)a 0.17 (±0.02)ab 
AI 4-year-old 1761 .25 (±196.89)ab 1547.91 (±50.88)b 1389.57 (±406.93)b 1705.67 (±137.58)ab 
(mg kg·1) 14-year-old 1459.37 (±72.56)b 1530.63 (±214.71)b 1653.21 (±1 06.61 )ab 1346.42 (±1 04.48)b 
22-year-old 1367.41 (±55.72)b 1402.80 (±66.30)b 2123.55 (±167.73)a 1668.31 (±212.64)ab 
35 
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Table 3.2 (continued) Means of nutrient concentrations in current and one-year-old needles of unfertilized and fertilized 
plots ofthe three sites investigated. Leaves were sampled in June 1997. Values are the mean of the four plots per 
treatment. Within each parameter values followed by the same letter are not significantly different at the p<O.05 level of 
nificance (three-factor ANOVA followed bv Duncan's multiole ranae oost hoc testL 
Sia-: 'iC-lI-~'"I' '."" I· '"'tI 'C"l1'r:~U C ' t dl u:r .' .... .ty .•••• l, •. :. . \:+h::-i'-"T'''' urren nee as 
Unfertilized 
Fe 4-year-old 349.81 (±43.74)a 366.88 (±25.09)a 326.18 (±27.54 )ab 343.77 (±6.77)a 
(mg kg·1) 14-year-old 310.05 (±37.25)ab 302.35 (±50.77)ab 315.99 (±38.56)ab 298.12 (±20.36)ab 
22-year-old 220.83 (±15.22)b 283.57 (±26.44)ab 305.58 (±50.45)ab 295.23 (±30.16)ab 
Cu 4-year-old 20.86 (±3.25)a 20.93 (±2.38)a 16.79 (±5.22)a 20.46 (±1 .86)a 
(mg kg·1) 14-year-old 16.59 (±0.47)a 19.21 (±2.85)a 17.58 (±2.27)a 18.37 (±1.13)a 
22-year-old 16.00 (±2.02)b 23.76 (±1.65)a 20.53 (±3.27)a 17.69 (±1.45)a 
Mn 4-year-old 1222.66 (±195.63)b 1001 .66 (±192.70)b 1019.75 (±303.28)b 1171.61 (±87.02)b 
(mg kg·1) 14-year-old 1439.59 (±220.22)b 1200.10 (±263.34)b 1177.87 (±313.75)b 1049.01 (±180.83)b 
22-year-old 2228.82 (±438.92)a 2372.13 (±610.07)a 1800.31 (±320.01)ab 2219.96(±568.04 )a 
36 
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Table 3.3 Means of N:nutrient ratios in current and one-year-old needles of unfertilized and fertilized plots of the three 
sites investigated. Leaves were sampled in June 1997. Values are the mean of the four plots per treatment. Within each 
parameter values followed by the same letter are not significantly different at the p<0.05 level of significance (three-factor 
ANOVA followed bv Duncan's multiple range post hoc test). 
Current needles 
Unfertilized 
N:P 4-year-old 12.58 (±0.83)c 16.43 (±0.36)bc 15.34 (±0.69)b 19.45 (±1.01)ab 
14-year-old 14.95 (±0.92)b 15.92 (±0.54)bc 14.90 (±0.59)b 17.15 (±0.84)ab 
22-year-old 13.35 (±0.59)c 15.4 7 (±1.23)b 16.31 (±0.70)b 20.11 (±2.63)a 
N:K 4-year-old 1.72 (±0.10)de 1.59 (±0.07)e 2.01 (±0.06)bcde 2.04 (±0.15)bcde 
14-year-old 2.43 (±0.21 lab 1.71 (±0.08)de 2.54 (±0.20)a 2.06 (±0.14 )bcd 
22-year-old 2.36 (±0.21 )abc 1.94(±0.17)cde 2.36 (±0.07)abc 2.08 (±0.26)abcd 
N:Mg 4-year-old 6.64 (±0.73)d 8. 18(±0.90)bcd 7.62 (±0.06)bcd 8.18 (±0.96)bcd 
14-year-old 6.92 (±0.43)cd 12.73 (±0.76)a 9.60 (±1.18)abcd 11.65 (±2.23)a 
22-year-old 6.65 (±O.72)d 10. 77(±1.84 lab 7.50 (±0.45)bcd 10.08 (±1.30)abc 
N:Ca 4-year-old 11.03 (±0.64)c 15.23 (±0.46)bc 13.01 (±1.03)bc 16.31 (±0.99)b 
14-year-old 11.72 (±0.38)c 15.17 (±1.92)bc 15.22 (±0.87)bc 20.66 (±1.82)a 
22-year-old 11.08 (±1.31)c 13.41 (±1 .14)bc 11.31 (±1.47)c 15.58 (±2.14)b 
Ca:AI 4-year-old 2.08 (±0.16)abcd 2.19 (±0.43)abc 1.57 (±0.14 )de 1.90 (±0.24 )abcde 
14-year-old 2.41 (±0.21 lab 1.43 (±0.3)e 1.62 (±0.22)cde 1.79 (±0.23)cde 











Table 3.4 Means nutrient concentration in leaf litter of unfertilized and fertilized plots of 
the three sites investigated. Litter was sampled in June 1997. Values are the mean of 
the four plots per treatment. Within each parameter values followed by the same letter 
are not significantly different at the p<O.05 level of significance (two-factor ANOVA 













































































0.42 (±0.01 lab 
0.14 (±0.01)e 
0.19 (±O.OO)abe 






















one-year-old needles. Magnesium concentrations in the leaf litter were generally comparable 
with Mg concentrations in the current and the one-year-old leaves, except at the 4-year-old site, 
where it was lower. 
Vector analysis 
The vector analyses technique was used to illustrate the relationships between nutrient content, 
nutrient concentration and growth of the current needles of the three sites in 1997. This was only 
done on nutrients that showed significant differences in terms of at least two of the stated 
parameters at the p<O.1 level. Results showed that the N content and N concentration increased 
in the leaves of the 4-year-old site, while the leaf weight did not change significantly (Fig. 3.5; 
Table 3.5) . This is interpreted as luxury consumption (Timmer and Morrow, 1984; Weetman, 
1989) . The 14-year-old site also showed a significant increase in needle N concentration and 
content, while the increase in the leaf weight was not significant (p<O.I), which is interpreted as 
lUxury consumption. The 22-year-old site showed significant increases in N concentration and N 
content, while the leaf weight decreased, although this was not significant. This trend is 
interpreted as a toxic reaction (Weetman, 1989) . 
Vector analyses ofP dynamics revealed that N application to the 4-year-old site induced a 
significant reduction in the P concentration and content, while the leaf weight increased, but not 
significantly, indicating antagonism (Fig. 3.6; Table 3.5). On the 22-year-old site, the 
application ofN acted antagonistically to Ca nutrition in the tree (Fig. 3.7). No evidence could 
be found that this was the case with Mg on any of the sites. 
A significant increase in the K concentration and content and an increase in needle 











Table 3.5 Results from statistical analyses on needle weight, nutrient content and 
nutrient concentration. Values are the means of the four plots per treatment per site. 
Statistical analyses were performed using the Wilcoxon test, comparing fertilized to 
unfertilised treatment. * denotes significant differences on the p<O. 1 scale and 
**significant differences on the p<O.05 scale. Where vector relationships were not 
d t . d th b I n.d. is used. 
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4 ** * 
N 14 ** * 
24 ** ** 
4 ** ** 
P 14 n.d. n.d. n.d. 
24 n.d. n.d. n.d. 
4 ** * 
K 14 ** * 
24 ** ** 
4 n.d. n.d. n.d. 
Ca 14 ** ** 
24 n.d. n.d. n.d. 
4 n.d. n.d. n.d. 
Mg 14 n.d. n.d. n.d. 
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Fig. 3.5 Shift in the relationship between N content, N concentration and unit needle 
weight of samples taken from the three sites investigated. The data paints represent 
the means of the four plots per treatments. Differences between treatments were 
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Fig. 3.6 Shift in the relationship between needle P content, needle P concentration and 
unit needle weight of samples taken from the 4-year-old site. The data points represent 
the means of the four plots per treatments. Differences between treatments were 
determined with the Wilcoxon rank sum test and p<O.01 was taken as a significant 
difference. 
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Fig. 3.7 Shift in the relationship between needle Ca content, Ca concentration and unit 
needle weight of samples taken from the 14-year-old site. The data points represent 
the mean of the four plots per treatments. Differences between treatments were 
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Fig. 3.8 Shift in the relationship between needle K content, K concentration and unit 
needle weight of samples from the three sites investigated. The data points represent 
the means of the four plots per treatments. Differences between treatments were 












old and the 14-year-old sites. The 22-year-old site showed a trend that can be interpreted as 
antagonism. 
DISCUSSION 
Simulated N deposition resulted in a significant diameter growth increase on the 4-year-old site 
only in the first growing season after N addition started. The second growing season showed no 
significant diameter growth increase, suggesting that N is no longer limiting to growth of the 4-
year-old trees . These conclusions are borne out by the vector analyses, which showed a 
significant increase in the N concentration and N content in the foliage in 1997. The leaf weight 
did not show any significant increases and this is interpreted as luxury consumption (Weetman, 
1989). The absolute direction of the shift can, however, also be interpreted as N deficiency 
(Kiefer and Fenn, 1997). The 4-year-old site received an unscheduled 1.5 m pruning in January 
1997. This would increase demand for nutrients such as N, P and cations (Miller, 1981) and as 
such the direction of shift exhibited by this site should be treated with caution. The demand for 
N is highest in young trees, when the needle biomass is still being constructed (Mi lier, 1981) and 
the lack of a response to N in the second year of application suggests other nutrients are limiting 
to growth. Furthermore, Aber et al. (1989) predicted that an increase in N deposition would 
initially lead to increase growth in forest ecosystems. After the system has reached N saturation, 
other nutrients such as P and cations become limiting to growth. 
Height growth on the 4-year-old site was significantly higher on the unfertilized plots than 
the fertilized plots in the first growing season. Seen in conjunction with the significant increase 
in DBH, this suggests that there is a shift in the allocation of C in the aboveground tree elements 











aboveground allometry. This shift in allocation of biomass is not well described in the literature, 
but may be caused by a significant increase in the N:P ratio of the treated plots that was observed 
in 1997. It has been shown that the N:P ratio is crucial to the optimal growth of plants 
(Koerselman and Meuleman, 1996). In this study there was a significant decrease in P 
concentration and content in the current needles of the 4-year-old site, suggesting possible 
antagonism ofN with P uptake. The net result of the changes in diameter and height growth on 
the 4-year-old site is that volume increment did not show any significant difference between the 
fertilized and the unfertilized plots of the 4-year-old site in the first year of the field experiment. 
Neither of the two older sites showed any significant diameter or height increases in 
reaction to simulated N deposition, suggesting that N is not limiting to growth of these two sites. 
As is the case with the 4-year-old site, the direction of the shift in N content, N concentration and 
leaf weight on the 14-year-old site could be interpreted as N deficiency. However, continuing N 
fertilization in the 199711998 growing season did not lead to any significant growth increases, 
suggesting that N is not in short supply, but rather that other nutrients are limiting to growth of 
these sites. Normal growth of plants is characterised by a narrow range ofN:P ratio that is 
optimal for growth (Koerselman and Meuleman, 1996). This range is from 14-16 for terrestrial 
plants; above this ra ge N is short supply, while below the range P is deficient. On both the 
older sites an increase in the N concentration was not accompanied by a concomitant increase in 
P concentration and consequently the N:P ratio in the current needles of P. patula fell outside the 
range suggested by Koerselman and Meuleman (1996). The foliage of the 22-year-old site 
showed a P-shift that is interpreted as a toxic reaction to N fertilization. This suggests that 
growth of the 22-year-old trees on the fertilized plots will be negatively influenced by future N 











The 4-year-old site showed the highest diameter growth increment of the three sites, but 
height growth was highest on the 14-year-old site. This resulted in the 4-year-old site having the 
smallest annual volume increment. The 22-year-old site exhibited slower diameter and height 
growth than the 14-year-old site. This is possibly due to the lower MAlon the older site, 
suggesting lower site fertility, but can also be ascribed to a decline in MAl in older forest trees 
due to nutrient constraints that are found in some plantation forests (Miller, 1981). 
The N concentrations in both the current and one-year-old needles of P. patula are higher 
than for other conifers. They are also higher than those found in most other studies involving P. 
patula in South Africa (Morris, 1986), although N concentrations of more than 2% (dry weight) 
were found in the Drakensberg escarpment area (Schutz, 1992). Leaf growth during the initial 
period of increased N availability will dilute the higher N concentration, but sustained high N 
availability will eventually increase absolute concentrations in the leaves of N saturated 
ecosystems. High levels of N in the leaves o  P. patula found in this study and high growth rates 
in the Drakensberg escarpment area (Schutz, 1990) are an indication of an N-rich ecosystem. 
Application of N increased the N levels in both the current and one-year-old leaves of the 
fertilized sites of all three sites, suggesting that these trees benefited from the increased 
availability ofN, either through luxury uptake, or by increased biomass. 
A decrease in base cations in simulated N experiments has been recorded for red spruce in 
Eastern North America (Schaberg et al. 1997) and spruce in Germany (Oren et al. 1988). 
Decreases in base cations following N saturation are thought to be one of the causal factors that 
lead to forest decline in some forests ecosystems (Schulze, 1989). However, in this thesis, 
simulated N deposition did not have a consistently significant impact on the foliar concentrations 











decrease in the P concentration of the current needles of the 4-year-old site. The decrease in the 
P level following increased N availability on the 4-year-old site could be the result of decreased 
uptake of P in the presence of high levels of N, a trend that has previously been described in 
coniferous forests in Britain (Thomas and Miller, 1992). 
Along with an increase in the N:P ratio following N fertilization, the N:Ca and N:Mg 
ratios also increased. Although Ca and P have seldom been shown to be limiting to growth of P. 
patula in the Drakensberg escarpment (Morris, 1986; Schutz, 1990), these results suggest that N 
saturation could induce a deficiency in base cations and reduce growth of trees in that way. The 
Ca:Al ratio in the foliage was low, suggesting that Al is readily available in the soil of all three 
sites. The pH of forestry soils in the region is generally low, a prerequisite for high levels of 
soluble Al in the soil. The low Ca:AI ratios found in this study can be ascribed mainly to high Al 
concentration in the foliage, although it is still within the range for shale soils found by Schutz 
(1990). The Ca:Al ratios reported in this study are at the lower end of the range for the foliage of 
coniferous trees and could be an indication that these ecosystems are under stress from 
acidification and consequent Al damage to ecosystem elements such as mycorrhizas (Cronan and 
Grigal, 1995). 
Significant trends between the three sites in terms of nutrient dynamics were detected in 
the leaflitter that was collected in litter traps in June 1997. The concentration ofN in the leaf 
litter of unfertilized plots was less than 50% of that of the current needles in the 4-year-old site. 
The two older sites had significantly lower N concentrations that the 4-year-old site, while no 
significant difference in current foliage is evident between the two older sites and the youngest 
site. This suggests that the older trees reabsorb more N from the senescent needles than in the 











demand by retranslocation of nutrients from older needles rather than uptake (Miller, 1981). 
This trend is also evident in P retranslocation, which is significantly higher on the 22-year-old 
site than the 4- and l4-year-old sites. The leaflitter shed from the treated plots of the 4- and the 
14-year-old sites had significantly higher N concentrations than that of the unfertilized plots of 
the two sites. A similar trend was observed on the 22-year-old site, although this trend was not 
significant. This is consistent with the increase in foliar N concentration that was found in 
current and one-year-old needles of the three sites. Leaf litter quality will thus increase as P. 
patula plantations become N saturated and the N content of the foliage increase. This could 
increase litter decomposition and reduce litter accumulation, a trend similar to that found by 
Gundersen et al. (1998), but also increase release and leaching ofN. 
The Ca concentration in the leaflitter was higher than that of the current and one-year-old 
needles. This suggests accumulation of Ca in the cell walls of the older needles (Waring and 
Schlesinger, 1985). Calcium is also a very immobile ion in the foliage and accumulates in the 
older needles over time (Waring and Schlesinger, 1985). Magnesium concentrations in the litter 
were generally similar to Mg concentrations in the current leaves, except the 4-year-old site, 
where they were lower. This may suggest that Mg is actively retranslocated from the older 
needles, although this is significant only on the 4-year-old site. The current needles on the 
unfertilized plots of the three sites did not show any significant differences between the three 
sites . Active retranslocation is an indication that Mg might become limiting to growth of the 4-
year-old site. 
Potassium is the carrier ion for the N mixture that was applied to the fertilized plots and 
was taken up into the foliage of all three sites. This is evident from the significantly higher K 











short supply on any of the three sites. Thisconclusion is confirmed by results from the vector 
analyses that were performed on leaves sampled after the second season ofN application. K was 
not used for growth, but was rather taken up and stored in large amounts in the current and one-
year-old leaves of P. patula. K is generally not limiting to growth in the Drakensberg 
escarpment forestry area and Schutz (1992) has found K levels in excess of 0.90% in current 
foliage. None of the three sites show any toxicity symptom that could be ascribed to the 
increased availability ofK. 
For a non-added nutrient, dilution may progress to the point where a deficiency is induced 
or aggravated (Timmer and Morrow, 1984; Weetman, 1989). Dilution is not evident in any of 
the three sites investigated. Instead, two years of simulated N deposition resulted in significant 
reductions ofP on the youngest site and reductions ofCa on the 14-year-old site. Reduced P 
concentration in the soil after simulated Nand S deposition has been shown in European 
coniferous forests (Carriera et al. 1997). Base cation deficiency is one of the factors recognized 
as a contributor to forest decline in areas exposed to high N deposition. In the Drakensberg 
escarpment base cations are generally not limiting to growth of P. patula, although soils are 
classified as dystrophic (Schutz, 1990). However, this situation may change with continuing 
high inputs ofN. 
This study show that increased levels ofN deposition, simulated by fertilising with N, 
can alter nutrient relations in the foliage. This is especially critical for older or less vigorous 
stands that might already have limitations in cations or P. N deposition will increase N:cation 
and N:P ratios, resulting in reduced growth rates in the manner suggested by Aber et al. (1989). 
Phosphorus is known to be a limiting nutrient in some forestry soils in the Drakensberg 











saturation in these forests and reduce growth of P. patula. Although base cations are not a 
critical resource in forestry soils in the Escarpment area, continued N inputs, N saturation and 
subsequent N loss will reduce available base cations, possibly inducing cation deficiency, but 
more likely an imbalance in N:cation ratios (Aber et at. 1989). Nitrogen induced P and cation 
deficiencies are likely to be exacerbated by management practices such as pruning, which 
temporarily slow down growth by reducing foliar biomass and then later increase demand for 












Low levels ofN deposition are considered to be an important part of the N cycle in many forest 
ecosystems, while a small amount ofleaching ofN03- from the ecosystem during the growing 
season also takes place, mainly due to the flush of nitrification when water and temperature reach 
optimal conditions at the start of the growing season (Waring and Schlesinger, 1985; Landsberg 
and Gower, 1997). The N cycle is, however, closed and a minimum ofN is lost from the cycle. 
The N cycle is altered in ecosystems that receive high levels of anthropogenic N deposition « 15 
kg ha- I yr-I). The total amount ofN in the system gradually increases, eventually culminating in 
leaching ofN03-, one of the early measurable symptoms ofN saturation (Agren and Bosatta, 
1988; Aber et al. 1989; Gundersen, 1991). It has become clear that N deposition and subsequent 
chemical and biological changes contribute to incidents of forest decline as seen in parts of 
Europe and North America (Van Dijk and Roelofs, 1988; Schulze, 1989; Aber et al. 1995). 
Nitrogen deposition and subsequent N saturation have the potential to acidify the soil via 
several chemical and biological processes. Increased leaching ofN03- will lead to soil 
acidification due to the concomitant loss of base cations (Reuss et al. 1987; Skeffington, 1990; 
Gundersen, 1991). Ammonium has an even greater potential for acidification due to the extra 
proton produced during the process of nitrification (Arnold, 1992). Conceptual models predict, 











N saturation (Aber et al. 1989; Gundersen et al. 1998). In a previous study, application ofN to 
forest soils reduced pH by up to one pH unit (Nohrstedt, 1992), the result of a change in soil 
ionic strength due to increased nitrification rates (Nilsson et al. 1980). However, most simulated 
N deposition experiments have failed to show significant changes in soil pH following N 
saturation (Emmett et al. 1995b). It has been suggested that this is due to the natural buffering 
capacity of soils and the processes of ion exchange and dissolution on the soil exchange complex 
(Tyson et al. 1988). 
The symptoms ofN saturation are usually measurable in the soil before the vegetation 
starts showing any effects. Aber et al. (1989) hypothesised that leaching ofN03- would be one 
of the first signs of a forest ecosystem that is N saturated. This hypothesis has since been 
validated in many forest ecosystems with high anthropogenic N inputs (Dise and Wright, 1995; 
Fenn et al. 1996) and by simulated N deposition experiments (Aber et al. 1993; Emmett et al. 
1995a; Emmett et al. 1995b; Gundersen et al. 1998). The magnitude ofN03-leaching depends 
upon the N retention capacity of the forest ecosystem (Johnson, 1992; Aber et al. 1998; Fenn et 
al. 1998). Initially, the plant and microbial biomass, as well as the soil can immobilise a large 
part of the incoming N with minor leaching ofN03-. Once an ecosystem has moved to the stage 
2 or 3, and depending on the characteristics of the system, a substantial portion of incoming 
N03- is leached (Dise and Wright, 1995; Gundersen et al. 1998). Nitrogen taken up by the plant 
and microbial biomass will be lost through the increase in nitrification, which is another 
symptom ofN saturation (Aber et al. 1998; Gundersen et al. 1998). This will contribute to the 
overall pool ofN03- that is leached. In contrast to N03-, NH/ is usually retained in forest 
ecosystems, mainly due to the lower mobility ofNH4 + and exchange with Al on the cation 











microbial biomass, and is indeed preferentially taken up by the conifers (Holopainen and 
Heinonen-Tanski, 1992). However, in some severely saturated forests with very low N retention 
capacity, NH/ also leaches from the rooting zone (Emmett et al. 1995b). In some N saturated 
coniferous ecosystems, outputs ofN as N03- is greater than inputs ofN, suggesting conversion 
of organic and soil-bound N to soluble forms ofN such as N03 -. An increase in nitrification is 
one of the characteristics ofN saturated ecosystems (Aber et al. 1989; Gundersen et al. 1998). 
Older and taller stands are likely to become N saturated earlier than younger ones because of 
reduced demand for N and the larger filtering effect in taller stands (Stevens et al. 1994; Fenn et 
al. 1998). This predisposition effect in older stands may, however, also be present in younger 
stands, even when N is not present in large amounts. This situation may develop where another 
nutrient, such as P, is limiting to growth. Additional N will be used for lUxury uptake, while a 
relatively large proportion may leach from the mineral soil. It is known that N is present in large 
amounts in the soil of pine plantations in Mpumalanga (Nowicki, 1997), while P is occasionally 
limiting to productivity (Schonau, 1983). 
Anthropogenic N deposition can increase or decrease soil nutrient concentrations, 
depending on site history, inherent nutrient availability and the level and form ofN in 
precipitation. In a simulated N deposition experiment where a Picea abies plantation was 
fertilized with NH4S04 , higher available base cations in the rhizosphere and bulk soil was found, 
possibly due to replacement of the base cations with N& + in the cation exchange complex 
(Majdi and Persson, 1995). However, many studies investigating the causes of forest decline in 
Europe have shown a reduction in base cation saturation of forest soils following N saturation 
(McNulty et al. 1990; Wilson and Skeffington, 1994b). This manifested in the trees as nutrient 











addition N03- has been shown to compete with the phosphate ion for plant uptake (Carriera et al. 
1997; Wilson and Skeffington, 1994b) while NH/ competes with base cations (Wilson and 
Skeffington, 1994b). 
In this study, the effects of increased N deposition on N03- and NH/ dynamics in the soil, 
availability of base cations and soil pH were studied to predict the effect of continuing N 
deposition on soil chemistry in P. patula plantation ecosystems in high N input sites in Southern 
Africa. It is expected that N03- will start leaching rapidly, mostly due to the high levels ofN 
already present in the forests, while N~ + may not leach at all. 
MATERIALS AND METHODS 
Sites and treatment 
The experimental sites were located in the Drakensberg escarpment forestry area, 20 km from 
Sabie, Mpumalanga Province, South Africa (25°1 O'S 300 40'E). All three sites were situated on 
shale-derived soils (see Chapter 2, Fig. 2.1). Details of the climate are given in Chapter 2. At 
the start ofthe experiment in 1995 the sites contained 4-, 14- and 22-year-old P. patula and all 
three sites were in the second rotation of planting. A complete site description and full details of 
the treatments are given in Chapter 2 and the dates and amounts ofN added are given in Table 
4.1. 
Fluxes of mineral N in soil solution 
In November 1995, one porous ceramic cup Iysimeter (Soil Moisture Equipment, USA) was 











extract soil solution from the soil. The ceramic cup was installed at a 60° angle with the 
horizontal plane, with the top of the cup 20cm below the surface of the mineral soil. 
Ceramic cup 
Sample bottle ............ 1 
Suction 
pump 
Huc hne r flask 
Fig. 4.1 Diagram showing the suction system used to extract soil solution using porous 
ceramic cups and a suction system. The ceramic cups were inserted in the topsoil and 
negative pressure applied at the time of sampling soil moisture. 
The open end of the ceramic cup was sealed with a rubber stopper (Fig. 4.1). A polythene tube, 
with an inside diameter ofO.8cm (A), ran from the inside of the ceramic cup, through the rubber 
stopper, to the forest floor. A suction pump was connected to the Buchner flask with a rubber 
tube, 0.8cm inside diameter (B). A second tube (C), with an inside diameter ofO.8cm, ran from 
the inside of the Buchner flask. At time of sampling, pipe A was connected to pipe C, while a 
thin tube (D), with an inside diameter of 1 mm, was inserted inside pipes A and C. This 
connected the ceramic cup to a sample collection bottle in the Buchner flask. A suction pump 











sample collection bottle through tube D. Soil solution was collected in McCarthy bottles, which 
were sealed and placed in an icebox. Samples were stored at 4°C until further analyses. 
Samples were collected from the suction cup lysimeters in summer, during the high rainfall 
period, when the soil solution content allowed for effective sampling. 
Resin-available N 
Resin-available NO)- and NH/ were measured using ion exchange resin bags buried in the soil 
(Lajtha, 1988). Cation and anion exchange bags were constructed from polythene printers mesh 
with a mesh size ofO.2mm. Cation bags contained 8g AR400 cation exchange resin (20 - 50 
mesh) and the anion bags contained 8g AR I 00 anion exchange resin (20 - 50 mesh; UniVar). 
The ion exchange bags had an area of 40 cm2. 
Cation exchange bags and anion exchange bags were activated by shaking in a 5% HCI 
solution for 30 min. This was followed by three distilled water rinses of 30 min. each. The bags 
were put in a large cotton bag and spun by hand until most of the liquid had been removed. The 
bags were sealed in a plastic bag and kept at 4°C until used. One of each of the cation and anion 
exchange resin bags were buried at the interface between the F-layer and the mineral soil at a 
random spot within each plot. The bags were removed after six weeks and replaced by a second 
set of bags. Used bags were eluated by shaking in a 5% HCI solution for 30 min, followed by 
analyses for NO)- and NH/. 
Soil pH 
Samples for soil pH analyses were taken from the top 20cm of the mineral soil. A tube with a 











plot were combined to form one composite sample. The same procedure was followed for the 
rest of the plot and the process repeated with the rest of the plots, ending up with three composite 
samples per plot. The soil was sieved through a 2mm mesh, air dried and stored until analyses 
could be performed. Soil pH was measured in 0.0 1 M CaCh according to Smit and Hauptfleisch 
(1970) in which 20g of sieved and air-dried soil were added to 50ml of a 0.0 1 M CaCh solution 
and the pH measured after agitation with a magnetic stirrer. 
Soil chemical analyses 
Samples for soil chemical analyses were taken from the top 20 cm of the mineral soil in 
December 1997. Samples were sieved through a 2mm mesh, air dried and stored until analyses 
could be performed . 
Soil texture analysis (three fractions) was undertaken by dispersion of soil particles with 
sodium hexametaphosphate [(NaP04)6]. The sand, silt and clay fractions were determined 
according to the Bouyoucos method (The Non-Affiliated Soil Analysis Work Committee, 1990). 
Electrical conductivity was measured on a soil paste (20g soil to 50ml distilled water) using a 
conductometer (Metrohm, Switzerland). Exchangeable acidity was measured after extraction 
with 0.5M K2S04 followed by titration with O.IN NaOH. Available Ca, Na, P, K and Mg 
concentrations were determined on a Direct Stream Emission Plasma Spectrometer, after 
extraction with 1 % citric acid. An Inductively Coupled Plasma Spectrometer was used to 
determine Cu, Zn, Mn and Fe concentrations, after extraction with 0.02M di-ammonium-EDTA. 
Organic carbon was analysed by the Walkley-Black dichromate oxidation method (Nelson and 
Sommers, 1982). The N03 - and NH4 + concentrations were determined after extraction of 20g of 












Analysis of variance was used to determine statistical significance between the means, followed 
by Duncan's post hoc tests to determine the ranking of the different means, where necessary. In 
all cases the 5% level of significance was used to indicate a statistically significant difference. 
Summarized ANOYA tables can be found in Appendix I. 
RESULTS 
Fluxes of mineral N in soil solution 
Soil solution sampled with the aid of ceramic suction cups, buried at 20cm depth in the mineral 
soil showed measurable NO) - and NH/ levels present in the unfertilized plots of all three sites 
during the summer of 1996 and 1997 (Fig. 4.3 and 4.4). 
700 -- Average Monthly Precipitation 600 --- Actual Monthly Precipitation 
E 500 
E 400 -c: 
0 300 :;:::; 
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Time 
Fig. 4.2 Mean monthly precipitation and actual precipitation at Brooklands plantation 
office, situated close to Sabie, Mpumalanga Province, South Africa. The rainfall gauge 
at the plantation office was 12km away from the 4-year-old site, with the other two sites 
situated within a 12km radius from the office. Mean monthly precipitation was 











Although the 4-year-old site had higher concentrations ofN03-, this was not significantly 
different from the 14- and 22-year-old sites (ANOV A, followed by Duncan's post hoc test, 
p<O.05). There were no significant differences between the NH/ concentrations in the soil 
solution of the unfertilized plots of the three sites (p<O.05). 
Simulated N deposition treatment induced a rapid increase in N03- concentration in the 
mineral soil solution at all three sites (Fig. 4.3). At all four sampling dates the 4-year-old site 
had significantly higher (p<O.05) N03- concentration in the in the soil solution of the fertilized 
plots than the 22-year-old site. 
Table 4.1 Dates of N application to fertilized plots of the three sites. The application 
mixture was dissolved in water from a nearby stream and applied with backpack 
sprayers, m tI d . th hI' " /I h' h t 
14 December 1995 30 
18 January 1996 30 
22 February 1996 30 
19 March 1996 20 
10 June 1996 10 
20 November 1996 20 
19 December 1997 25 
21 January 1997 30 
24 February 1997 25 
27 March 1997 20 
11 November 1997 20 
17 December 1997 25 
20 January 1998 30 
23 February 1998 25 











The N03- concentration in the 4-year-old site was also higher than the 14-year-old site on 
two sampling dates, namely 10 January 1996 and 25 January 1997, but not on the other sampling 
occasions. Significant differences between the unfertilized and the fertilized values were 
observed for the 4-year-old site, although the increase on the first date of sampling was 
significant only at p<O.I. Significant differences between the mean fertilized and unfertilized 
N03 - concentrations were restricted to the first year of sampling, while the increases in N03-
concentration were not significant on the 22-year-old site. 
The N~ + concentrations in the soil solution were up to 10 times lower than the N03-
concentration at the same date (Fig. 4.4). The NH4 + concentrations were higher in the fertilized 
plots of all three sites, but these were not consistently significant at the p<0.05 level (Fig. 4.3). 
Only on one occasion did the level of N~ + in the soil solution of the 22-year-old site rise 
significantly higher (p<0.05) than those of the other sites, namely on the sampling occasion of 25 
January 1997. The concentration ofNH/ in the soil solution on January 1997 was also higher 
than the fertilized plots of the 22-year-old site sampled on other dates. There were no significant 
differences between the N~ + concentrations in the soil solution sampled from the unfertilized 
plots on any occasion. 
Resin available N 
Resin available N03- concentrations increased in the fertilized plots of the three sites and 
appeared to be highest in the 4-year-old site (Fig. 4.5). This is in contrast to the trend observed 
for resin available N~ +. The increases were, however, not consistently significant at the p<0.05 
level of significance (ANOVA followed by Duncan's post hoc test). Resin available N03-








































Sampling times (days) 
Fig. 4.3 Mean N03--N concentration in the mineral soil solution of the fertilized and 
unfertilized plots of the 4-, 14- and 22-year-old sites in the summer of 1995/6 and 
199611. Asterisks are used to indicate significant differences between treatments at a 
specific sampling date. * denotes significance at p<O. 1 and ** denotes significance at 
p<O.05 using Student's t-test. Each of the bars represents the mean of the four plots 
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Sampling times (days) 
Fig_ 4.4 Mean NH4 T_N concentration in the mineral soil solution of the fertilized and 
unfertilized plots of the 4-, 14- and 22-year-old sites in the summer of 1995/6 and 
1996/7. Asterisks are used to indicate significant differences between treatments at a 
specific sampling date. * denotes significance at p<O. 1 and ** denotes significance at 
p<0.05 using Student's t-test. Each of the bars represents the mean of the four plots 
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Fig. 4.5 Mean N03--N accumulation in field-placed resin bags from the fertilized and 
unfertilized plots of the 4-, 14- and 22-year-old sites during the experimental period, 
starting in 1995 and ending in 1998_ Asterisks are used to indicate significant 
differences between treatments at a specific sampling date. * denotes significance at 
p<O.1 and ** denotes significance at p<O_05 using Student's t-test. Each of the bars 
represents the mean of the four plots per treatment and error bars represent one 
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Fig. 4.6 Mean NH4 ' -N accumulation in field-placed resin bags from the fertilized and 
unfertilized plots of the 4-, 14- and 22-year-old sites during the experimental period, 
starting in 1995 and ending in 1998. Asterisks are used to indicate significant 
differences between treatments at a specific sampling date. * denotes significance at 
p<0.1 and ** denotes significance at p<O. 05 using Student's t-test. Each of the bars 
represents the mean of the four plots per treatment and error bars represent one 











Resin available NH/ (Fig. 4.6) increased in litter layers of the fertilized plots, although 
the increases were not consistently significant atp<O.05. A highly consistent trend is that high 
absolute values for resin available NH4 + in the unfertilized plots were observed during the 
summer months. In the fertilized plots of the 4-year-old site absolute concentrations of resin 
available NH4 + increased, but this was significant at p<O.05 only during June 1997 and 
December 1997. Significant differences (p<O.05) between unfertilized and fertilized plots of the 
14-year-old site were observed throughout the fertilized period, except on the first sampling 
occasion (February 1996) and during the winter of 1997 (June 1997 and August 1997). The 22-
year-old site also exhibited significantly higher resin available NH4 + concentrations than the 4-
year-old site. This is especially evident during the winter of 1996 and the summer of 1996/7. 
Soil pH 
Soil pH remained relatively constant throughout the treatment period (Fig. 4.7). No significant 
differences were found between the control plots of the three sites. Simulated N deposition did 
not significantly alter the pH of the mineral soil of any of the sites. 
Soil chemical analyses 
Soil texture analyses showed high clay contents in all soils, ranging from 17 to 39% (Table 4.2). 
The 22-year-old site has the highest clay content, while the organic carbon on this site is 
significantly lower than the remaining sites (Table 4.3). 
There is a trend of decreasing base cation concentration in the top IOcm of the mineral soil 
































Sampling times (years) 
1997 
Fig. 4.7 pH(CaCI2) of top 10cm of mineral soil of the fertilized and unfertilized plots of 
the 4-, 14- and 22-year-old sites. Within each site values with the same letter are not 
significantly different at p<O.05 (two way ANOVA, followed by Duncan 's multiple range 
post hoc test) . Points plotted are the means of the 12 measurements and error bars 











(p<0.05) Na, K and Mg than the 4-year-old site and also had significantly lower K and Mg 
concentration than the 14-year-old site. Total bases were significantly lower in the 22-year-old 
site than on the 4-year-old site, but were not significantly different from the 14-year-old site. 
Simulated N treatment did not change the concentrations of any of the base cations in the top 
10cm of the mineral soil significantly, except for an increase in K, which was the carrier ion in 
the N mixture that was applied to the fertilized plots. None of the three sites show any 
significant change in total bases after N addition, when K was excluded from the sum of base 
cations. 
After three years of simulated N treatment, exchangeable acidity, including both Wand 
AI, was unchanged from the unfertilized plots. The electrical conductivity (EC) was also 
unchanged, while organic C was significantly lower on the 22-year-old site than the 4- and 14-
year-old sites. The organic C content did not change significantly after simulated N treatment. 
Copper and Fe showed an inverse trend to that exhibited by the base cations. The 22-year-
old site had significantly higher Cu and Fe concentrations than the 4- and the 14-year-old sites. 
Neither Zn nor Mn concentrations were significantly different between the sites. Simulated N 
deposition had no significant effects on any of the trace elements, except Fe, which decreased 
significantly after simulated N deposition treatment. Available P on the 22-year-old site was 
significantly lower than at the 4- and 14-year-old sites (Table 4.4). Available P remained 
unaffected by simulated N treatment. 
The Pearson correlation coefficients of soil chemical characteristics calculated with and 
without the values from the fertilized plots showed very similar values (Table 4.5). In the 
unfertilized plots, total base cations, when K was excluded from calculations, was well correlated 











Table 4.2 Results of three-fraction soil texture analyses of samples from the top 20cm 
of the mineral soil from the 4-, 14- and 22-year-old sites. Values are the means of the 
four plots per treatment and the values in parentheses represent one standard error 
from the mean. 
Clay (%) 29.50 16.67 39.09 
(± 0.87) (± 1.23) (± 0.58) 
Silt (%) 23.51 28.33 24.15 
(± 3.18) (± 0.6) (± 1.15) 
Sand (%) 47.26 54.33 37.59 
(± 4.04) (± 1.41) (± 0.58) 
Table 4.3 Soil chemistry of the top 20cm of the fertilized and unfertilized plots from the 
4-, 14- and 22-year-old sites at the end of the treatment period, in December 1997. 
Values are the mean of the four plots per treatment. Within each parameter, values 
followed by the same letter are not significantly different at p<0.05 determined by two-
factor ANOVA followed by Duncan's multiple range post hoc test. Value in parenthesis , t t d d ~ th m n 
"'" .' ~~T~.rtfi;~.· _ ·n:\~<;(o1t!1 ~.f~~t[("'>ldr 
t-"/'! .......... -, .. ;=::--;;:--------~~...:..--=--=-----=---~~--- -------:--. -0---=---- - -~--::--~~-_ ~--=--
t} " ®fmillrofl f~r:t' \ll(IOtUJ'rr. I~mf:(io·, CiI:iftJ~Jnt:Jfi ~;m;ll]tan 
~ ____ L __ ~____ , ____ _ 
EC (mS) 0.27bc 0.51a 0.31b 
0.39b 0.16c 0.30b 
(±0.03) (±0.08) (±0.04) (±0.03) (±0.00) (±0.01 ) 
Acidity (me%) 5.99 b 
6.99 b 7.52 a 8.05 a 6.41b 6.53 b 
(±1.70) (±1.01) (±0.61 ) (±0.28 ) (±0.43) (±1 .01) 
Na (meq 0.18a 0.16ab 0.14ab 0.16ab 0.13b 0.12b 
100mg-1) (±0.05 ) (±0.02 ) (±0.02 ) (±0.02 ) (±0.01 ) (±0.02 ) 
K (meq 0.14c 0.33a 0.19bc 0.24b 0.06d 0.14c 
100mg-1) (±0.03 ) (±0.07 ) (±0.07 ) (±0.03 ) (±0.01 ) (±0.01 ) 
Ca (meq 0.31a 0.34a 0.28ab 0.33a 0.26c 0.24c 
100mg-1) (± 0.05) (±0.05 ) (± 0.02) (±0.06 ) (±0.03 ) (±0.02 ) 
Mg (meq 0.19a 0.19a 0.14b 0.17b 0.08c 0.07c 
100mg-1) (±0.04 ) (±0.05 ) (±0.02 ) (±0.01 ) (± 0.01) (±0.01 ) 
Total bases 0.81 b 1.02a 0.75bc 0.89ab 0.53c 0.58c 
(meq 100mg-1) (±.17 ) (±0.19) (±0.12 ) (±0.06 ) (±0.04 ) (±0.03 ) 
Total bases , 
0.68a 0.68a 0.56ab 0.65a 0.48b 0.45b excluding K 
(±0.15) (±0.18) (± 0.05) (±0.07 ) (±0.04 ) (±0.03) (meq 100mg-1) 
Cu (mg kg-1) 4.13a 3.52a 3.95a 
4.33a 5.89b 5.46b 
(±0.53 ) (±0.30) (±0.51 ) (±0.39 ) (±0.87 ) (±0.80) 
Zn (mg kg-1) 1.47a 0.90b O.77b 
1.18ab 1.32ab 1.00ab 











Table 4.3 (Continued) Soil chemistry of the top 20cm of the fertilized and unfertilized 
plots from the 4-, 14- and 22-year-old sites at the end of the treatment period, in 
December 1997. Values are the means of the four plots per treatment. Within each 
parameter, values followed by the same letter are not significantly different at p<0.05 
determined by two way ANOVA followed by Duncan's multiple range post hoc test. 
Value in parenthesis represents one standard error from the mean. 
Mn (mg kg·1) 1.93a 2.35a 2.3Ba 4.27a 2.06a 2.42a 
(±0.5B) (±0.97) (±0.96) (±4.09) (± 0.32) (±10.15) 
Fe (mg kg,1) 214.25c 191 .25c 244.75bc 274.25bc 90B.7Sa 53B.00b 
(±B6.B2) (±49.66) (±69.59) (±5B.55) (±256.30) (±304.32) 
Organic C (%) 
3.7Bb 3.93b 4.16b 4.67b 2.09a 2.17a 
(±O.BB) (±0.62) (±0.63) (±0.23) (±O.OS) (±0.34) 
C:N ratio 1B.OBa 1B.60a 1B.29a 20.29a 20.11a 22.93a 
(±0.66) (±0.21 ) (±0.36) (±0.31 ) (±0.19) (±0.75) 
Table 4.4 Nitrogen and P chemistry of the top 20cm of the unfertilized and fertilized 
plots from the 4-, 14- and 22-year-old sites at the end of the treatment period. Values 
are the means of the four plots per treatment. Within each parameter, values followed 
by the same letter are not significantly different at p<0.05, determined by two-factor 
ANOVA followed by Duncan 's multiple range post hoc test. Values in parenthesis 
one standard error from the mean. 
Available P 2.23a 2.93a 2.13a 2 .50a 0.35b 0.50b 
(~g g.1) (±1 .16) (±0.33) (±0.54) (±0.49) (±0.24) (±0.20) 
Total P 9.63a 9.56ab 10.1Ba 9.B9a B.73b 9.25ab 
(~g g.1) (±1.43) (±0.53) (±0.47) (±0.B7) (±0.56) (±0.25) 
Total N 1.09b 1.31a 0.B6b 1.03b 0.41c 0.50c 
(mg g,1) (±O.OB) (±O.OB) (±0.02) (±0.04) (±0.04) (±0.01 ) 
the plots, including the fertilization treatment, were included in calculations. Individual base 
cations were negatively correlated with Cu and Fe, irrespective of whether the fertilized plots 
were included or excluded. Total base cations were also negatively correlated with the 
aforementioned microelements. The concentration of Cu and Fe in the top 1 Ocm of the mineral 
soil was positively correlated (r = 0.75 when fertilized plots were excluded, and r = 0.74 when 
69 
University of Cape Town
Table 4.5 Pearson correlation coefficients for different soil parameters after analysing soil taken from the field sites. Soil 
was sampled from the top 20cm of the mineral soil at the end of the experimental period (December 1997). All 





























































































































































Cu -0.29 0 .52 -0.23 -0.24 -0.65 -0.46 -0.67 -0.65 -0.54 1.00 0.30 -0.35 0.75 -0.64 -0.68 -0.30 -0.84 
Zn 0.04 0.41 -0.12 0.33 -0.23 0.09 0.10 -0.01 0.16 0.24 1.00 -0.37 0.01 -0.17 -0.14 -0.30 0.02 
Mn -0.43 -0.11 0.26 -0.16 -0.01 -0.00 -0.14 -0.07 -0.10 0.02 ~.12 1.00 -0.09 0.40 0.42 -0.12 0 .19 
Fe -0.38 0.48 -0.20 -0.21 -0.59 -0.35 -0.64 -0.58 -0.47 0.74 0.07 -0.17 1.00 -0.67 -0.69 -0 .58 -0.83 
Organic C 0.05 -0.43 0.72 0.57 0.68 0.69 0.85 0.82 0.79 -0.63 -0.04 0.03 -0.64 1.00 0.92 0.66 0.73 
Available P 0.14 -0.51 0.52 0.44 0.77 0.60 0.89 0.83 0.74 -0.73 -0.14 -0.10 -0.70 0.86 1.00 0.65 0.80 
Total P 0.20 -0.46 0.39 0.59 0.40 0.47 0.55 0.55 0.58 -0.23 -0.24 -0.03 -0.47 0.60 0.54 -I 1.00 0.45 











included). Only a relatively weak positive relationship between pH (CaCh) and total acidity and 
pH and total bases was found. When the fertilized plots were excluded from the correlation 
analysis, pH and Fe and pH and Cu were negatively correlated. This coefficient decreased when 
all plots were included in calculations. Organic C and available P were highly correlated in both 
sets of calculations, while organic C was also negatively correlated with Fe and Cu. 
DISCUSSION 
Application ofN to the fertilized plots of the three sites resulted in elevated levels ofN in the 
soil solution, with NO)' as the dominant N ion. The ratio of NO)' to N~ + in the application 
mixture was 3:1, but the ratio of NO)' - to NH/ in the soil solution of the fertilized sites was 
higher than 10: 1, indicating an imbalance between applied Nand N leaching from the rooting 
zone. This could be due to the high mobility of the NO)' ion in soil solution relative to the NH/ 
ion (Emmett et al. 1995b; Wright et al. 1995), but could also be due to a number of other N 
transformation interactions or uptake from the plant. This trend is consistent with results 
obtained from other simulated N deposition experiments where NH4NO) was applied to 
coniferous ecosystems (Emmett et al. 1995b; Aber et al. 1993). Nitrate dominates outputs from 
N saturated ecosystems, while leaching ofN~ + from the rooting zone is seen in rare 
circumstances where the ecosystem is saturated with N and the ability of the soil to retain N is 
low (Emmett et al. 1995b). 
Although there were detectable levels of NO)' in the soil solution of the unfertilized plots, 
this could be due to elevated nitrification and mineralization ofN during summer, as suggested 
by Powers (1990). Measurable NH/ was also present in the unfertilized plots of the three sites. 











(Powers, 1990). This suggests that N~ + produced in the organic soil during that period and 
driven downward in the soil profile contribute to significant levels ofN~ + in the soil solution 
from unfertilized plots. There is also a trend of significantly higher NH4 + in the 22-year-old site, 
while the N03· is significantly lower on the 22-year-old site than the 4-year-old site. This is 
because nitrification makes a greater contribution to the soil solution N03- concentration on the 
4-year-old site than on the other sites and is consistent with results obtained from ex situ 
nitrification experiments conducted in this thesis (Chapter 5). The 4-year-old site has a higher 
rate of nitrification and soil temperature is higher, partially due to a more open canopy than the 
other sites. 
Soil incubated resin bags were used to gain a longer-tenn perspective on the dynamics of 
NH/ and N03- in the organic layers of the three sites. The overall trend in resin available 
mineral N in the fertilized plots on the sites reflected the pattern ofN application, i.e. high during 
summer and low during the winter months. Simulated N deposition increased the N1Lt + and 
N03- concentrations in the litter layer of all three sites, but resulted in disproportionately higher 
levels ofN03-on the youngest site. This is the result of the lack of a unifonnly thick litter layer 
on this site, reducing the immobilization ofN03- in the organic soil layer. The soil on this site is 
more exposed than the other sites, resulting in the site exhibiting higher levels of nitrification, 
mainly due to higher soil temperatures and pronounced wet-dry cycles during summer. This 
conclusion is borne out by higher nitrification rates found here as opposed to the other sites 
(Chapter 5). 
The 14-year-old site showed a significant increase in the concentration ofNH/ on the 
resin bags following the first application ofN to the fertilized plots in December 1995. This 











through strong competition by nitrifying microorganisms or adsorption on the cation exchange 
sites (Johnson, 1992). Continued application of mineral N reduced the ability of the 14-year-old 
site to retain NH/ and N03- in the litter layer and the concentrations of these ions increased at 
subsequent sampling occasions, demonstrating the low N retention capabilities of these sites. 
The concentration of resin available NH4 + increased significantly with age of the site. This could 
be due to increased nitrification of added N& + on the youngest site, while relatively higher 
ammonification contributed to the high N~ + concentrations on the 22-year-old site. Resin 
available NH4 + on the 22-year-old site was also high after application of N during June 1996 
(Table 4.1). Lajtha (1988) concluded that field water regime is very important in results 
obtained from resin bags. This conclusion is not applicable to the present situation, where 
application ofN during the relatively dry month of June did lead to a significant increase in resin 
available NH4 +. Relatively more ~ + and N03- accumulate on ion exchange resin inserted in 
the litter layer of the unfertilized plots during the summer months. This is due to low water 
availability during the dry winter months as opposed to summer (Lajtha, 1988) as well as 
increased rates of nitrification and mineralization during the summer. 
Two seasons of simulated N fertilization did not change the pH(CaCb) of the top 10 cm of 
the mineral soil of any of the sites significantly, despite the addition of more than 320 kg N ha- I . 
This is in contrast to relatively pristine forests in Scandinavia, where application of a single dose 
of 150 kg N ha- I resulted in a one-unit drop in pH (Nilsson et at. 1980; Nohrstedt, 1992). This 
was attributed to acidification due to increases in the nitrification rate after N application. 
However, the lack of change in the pH after N fertilization in this study complements results 
from other simulated N deposition experiments that have previously been exposed to moderate 











K, as part of the application mixture, masked any changes in pH due to N transformations in the 
soil. Soils from all three sites investigated are acid, but comparable to other studies on the same 
parent material and in the same area. Schutz (1990) found pH(H20) values of approximately 
4.6, while Nowicki (1997) found pH(KCI) values for all types of geology in the Drakensberg 
escarpment area ranging from 3.8 to 4.5. 
Application of N did not change the level of available cations in the mineral soil of the 
plots significantly, with the exception of K, the carrier ion in the application mixture, which 
increased significantly (p<O.05) on the 4-year-old and 22-year-old sites, but only at p<O.1 on the 
14-year-old site. This increased the total bases significantly, which is not the case when K was 
excluded from total bases. Na, Ca and Mg was unaffected by simulated N treatment. This is in 
contrast to some studies where base cations have been found to increase in soil solution after 
fertilization with N (Majdi and Persson, 1995), while it is consistent with other studies (Emmett 
et al. 1995b). 
The concentration ofNa, K and Mg in the unfertilized plots decreases significantly from 
the 4- to the 22-year-old site. This is consistent with increased lockup of base cations in the 
standing biomass and litter layers on older relative to younger forest trees (Morris, 1986), 
increasing the sensitivity of the older sites to N saturation because of the limitation low levels of 
cations may place on growth (Fenn et al. 1998). 
Acid anions such as Cu, Zn, Mn and Fe were unaffected by fertilization, while 
exchangeable acidity (H+ + AI3+) showed a trend of increasing concentration with fertilization. 
This is the result of increased availability of Al due to exchange with NH4 + on the soil exchange 
complex, as was suggested by Emmett et al. (l995b). Both Cu and Fe concentration increased 











This could be related to inherent soil properties of the soil, but also to the trend of decreasing pH 
with age of the site. It is expected that increased nitrification will decrease the pH on these sites, 
releasing more heavy metals such as Fe, Mn, and AI, which are dependant on pH for solubility. 
None of the three sites was fertilized at planting, and the decreasing trend in available P 
with age in the unfertilized plots may reflect uptake and immobilisation of P by the older trees on 
the 22-year-old site. From results presented here it can be concluded that older P. patula stands 
get most of their P from remobilisation and uptake ofP from the organic soil layer, as suggested 
by Miller (1981). Plant available P was unaffected by simulated N deposition treatment, 
although foliage P levels decreased significantly due to N treatment in the first year ofN addition 
(Chapter 3). Over the longer term this suggests that the addition ofN to the soil could lead to P 
deficiencies by reducing P uptake. 
Aber et at. (1989) and Fenn et at. (1998) suggested that older, less vigorous stands maybe 
more predisposed to N saturation than younger sites that can absorb the additional N more 
readily through higher rates ofN uptake and growth. Results presented in this study indicate that 
all three Pinus patula stands have low retention capacity for incoming N03- and this is lowest on 
the young sites with little accumulated litter and thin L- and F-Iayers. However, with faster 
growth rates, the younger sites will absorb incoming N more efficiently, although the addition of 
inorganic N may lead to increased mineralization and nitrification rates, assisted by the open 
canopy and higher temperatures. In contrast, seemingly higher retention capacity of older sites 
in this study could be the result oflower nitrification rates and slower vertical movement ofN03-
through the mineral soil. These sites may be relatively sensitive to N saturation due to nutrient 
limitations, a predisposition suggested by Nilgard (1985) and recently, by Fenn et al. (1998). In 











soil than the other sites, making it a prime candidate for N saturation when exposed to high N 
inputs . This change in soil fertility will be further exacerbated by a reduction in the pH of the 
soil, but only after this has led to increased nitrification rate and lower base cation levels. 
Application ofN03- and ~ + increased the leaching ofN03- significantly, suggesting 
that a significant portion of additional N would not be utilized by the phytomass. Only a small 
amount ofNH/ moved through the mineral soil to the deeper soillayers.These results are 
consistent with stage 2 ofN saturation (Aber et at. 1989) indicating that these ecosystems have 
reduced capacity to retain inorganic N. Increased N deposition will increase leaching of N03-
and may affect water quality of streams draining affected ecosystems. The lack of any effect of 
simulated N deposition on soil nutrients other that N indicates that these shale soils are well 
buffered and will not be affected in the short to medium term. The decreasing trend in base 
cations and plant available P with age, however, suggests that older sites may be first to show 












Litter production usually refers to both above- and belowground litter produced in an ecosystem 
(Waring and Schlesinger, 1985). Litterfall refers to aboveground litter production, a major path 
whereby nutrients are returned to the soil to be eventually reabsorbed by the plant for biomass 
accumulation. A general increase in forest floor mass with altitude in coniferous forests has been 
found to correlate well with temperature and rainfall, indicating slower decomposition of these 
mor organic layers at high altitudes (McNulty et al. 1990). Similar relationships have been 
found with P. patula in South Africa (Morris, 1986; Schutz, 1990; Dames et al. 1999b). 
Increases in growth of P. patula forests following N fertilization correlated positively with forest 
floor mass in high lying areas in Swaziland, although increases were generally small (Morris, 
1992). Nitrogen deposition is expected to initially increase growth ofN limited forests by 
increasing the photosynthetically active foliage, in tum leading to increased litterfall and forest 
floor mass (Aber et al. 1989; Gundersen et al. 1998). Continued input ofN to forest ecosystems 
will lead to N saturation and reduce growth and litter production. In the final stage ofN 
saturation litterfall is hypothesized to increase as tree growth begins to decline due to N-induced 
nutrient deficiencies. 
Decomposition refers to a number of interrelated processes by which organic matter is 
broken down to smaller particles and nutrients that are available for plant uptake (Waring and 











content; lignin:C ratio) and environmental factors such as rainfall and temperature as well as 
types and numbers of microflora and fauna. It is expected that N loading into coniferous 
ecosystems will gradually increase the N content in foliage and forest floor, thus lowering the 
C:N ratio and improving litter quality (Gundersen et at. 1998). In ecosystems that are saturated 
with N, the C:N ratio of the forest floor has been found to decrease, although these changes take 
place over several decades. In European coniferous forests the forest floor mass was found to 
decrease over an increasing N deposition gradient, indicating an increased rate of litter 
decomposition, probably due to improved litter quality (Gundersen et al. 1998). The simple 
addition ofN to the forest floor, however, frequently has no effect or even a negative effect on 
decomposition (Fog, 1988; Prescott, 1995), although positive short-term changes can occur ifN 
is assimilated by decomposing litter of high C and low N content. Although N deposition has 
been shown to be beneficial to litter decomposition, it is frequently accompanied by high S 
deposition. It has been shown previously that S reduced microbial activity (measured as 
respiration) in both coniferous and deciduous litter (Wookey et al. 1991). 
The mineralization component of decomposition includes processes in which inorganic 
compounds such as CO2, H20 and NH4 +, are released (Waring and Schlesinger, 1985). This is 
followed by nitrification, which is the oxidation ofN~ +, with N02- as first and NO)- as eventual 
product. Net nitrification refers to formation ofNO)-only, while net mineralization refers to 
formation of both N03- and N~ +. Soil microorganisms are good competitors for N, especially 
in situations where N inputs are continually elevated such as pollution sites or fertilized sites 
(Johnson, 1992). This suggests that the population of nitrifiers would increase as more N 
becomes available in the ecosystem. Mineralization and nitrification rates in forest ecosystems 











N03- leaching (McNulty et at. 1990; Gundersen et al. 1998) and negatively to forest floor C:N 
ratio. Long-term addition ofN stimulates nitrification and mineralization in coniferous and 
deciduous forests (van Miegroet et at. 1990, Gundersen et al. 1998). Increased nitrification 
under high levels ofN deposition can be reversed by removal ofN from precipitation, indicating 
dependence on external sources ofN for maintaining high nitrification rates (Boxman et al. 
1 998a). An increase in net nitrification is expected to be one of the early signs of N saturated 
ecosystems (Gundersen et al. 1998). 
In this study, the effect of increased N deposition on three crucial processes in the N cycle, 
litterfall, decomposition and N mineralization was examined by addition ofN to gain insight into 
how these processes will be affected by continual high N inputs to P. patula plantations of 
different ages. 
MATERIALS AND METHODS 
Sites and treatment 
The study was conducted on P. patula plantations of three different ages, which in 1995, at the 
start of the study, had been planted 4-, 14- and 22 years previously. The sites will be referred to 
by their ages in 1995. The sites were located in two adjoining plantations in the Drakensberg 
escarpment forestry area, namely, Brooklands (14- and 22-year-old sites) and Ceylon (4-year-old 
site). The fertilized plots received 120 kg N ha- 1 yr-l (as N~N03 and KN03 in a N03-:N~ + ratio 
of 3: I) additional to that present in precipitation, while the control plots received no additional N 











LiUerfall and mass 
In December 1995 four littertraps were installed on each plot. Litter traps consisted of a metal 
ring, 65 cm in diameter, with shade net to hold litter falling into the trap . The trap itself was 
raised 1.5m off the ground to prevent litter from trees outside the plot from falling into the traps 
and allow for easy identification of freshly fallen material. In the case of the trees on the 4-year-
old site, the traps were raised about 30cm from the forest floor and were situated 30cm from the 
trunk of the tree. This was done because the canopy is still open and litterfall is restricted to the 
area under the canopy of each tree. Litter was collected once every month, and in some cases 
once every two months. No distinction was made between different types of litter. The litter 
was dried at 60°C for three days after which the weight was determined (Gower and Son, 1992) 
and litterfall is expressed in kg ha- I . 
Decomposition 
A cotton strip assay was carried out according to the recommendations of Harrison et al. (1988), 
using commercially available calico (100% cotton). Cotton strips (45 x 10cm) were inserted in 
the organic and mineral soil by using a sharp spade to make an incision through the litter layer 
and into the mineral soil. Care was taken to disturb the litter layer as little as possible. A flat 
metal plate (50cm x 18cm) was used to insert the cotton strip lengthways into the incision. The 
sides of the incision were closed around the strip by making two other incisions 20cm from the 
original on both sides. At each of the three sites six control strips were taken, three on 
unfertilized plots and three on fertilized plots. Plots were randomly chosen, the strips inserted in 
the soil in the same way as the test strips and removed immediately. The strips were then 











strength loss (TSL) could be determined. The test strips were removed after six weeks and 
replaced with the next set of samples. On removal, the exact position of the top of the forest 
floor, as well as the mineral soil was marked on each strip with a permanent marker. The test 
strips were washed under a tap to remove soil, air-dried and sealed in plastic bags and stored at 
room temperature away from light until analysis could be performed. Analysis was usually done 
within 6-8 weeks of removal. The tensile strength (TS) of the cotton strips (fertilized and 
unfertilized) was determined on an INSTRON Tensiometer at the materials laboratory of the 
Faculty of Forestry at the University of Stellenbosch. The cotton strip was cut crosswise into 
4.0cm strips and the individual fibres teased out to reduce the width down to 3.0cm. The tensile 
strength of the individual strips was then determined. TSL is defined as follows (Smith et al. 
1993): 
TSL = TScontrol - TStest I TScontrol * 100% 
Decomposition bags were made from glass fibre mesh with a mesh size of 2cm. The size 
of the litterbags was 15 x 15cm with the sides sealed by double stitching with nylon string. 
Freshly fallen litter was taken from the littertraps of each plot in October, November and 
December_1 996, and oven dried (60°C; 72h). Ten grams of this litter was sealed inside a 
decomposition bag. In December 1996 four bags were buried in the F-Iayer of every plot, the 
organic layer with the highest microbial activity in fertilized and W1fertilized treatments. 
Decomposition bags were returned to the plot from where the litter originated. The litterbags 











Net N mineralisation and nitrification 
A long-term, aerobic, laboratory-based incubation method (Kandeler, 1996) was used to 
determine net mineralisation and nitrification rates in samples taken from the top 5cm of the 
mineral soil. Samples were taken from unfertilized and fertilized plots of all three sites in 
December 1997. Three bulked samples per plot were sieved through a 2mm grid, air-dried and 
stored. 
The NO)- and NH/ content of water-saturated soil samples were assessed after incubating 
for 28 days at 25°C (Kandeler, 1996). For every sample, 109 of air-dried soil was weighed into 
five Erlenmeyer flasks and 3ml of distilled water added. This was done very slowly to avoid 
puddling of the soil. The flasks were capped and pre-incubated for 12 h at 2°C to eliminate the 
lag-phase associated with air-dried and re-wetted soils (Priha and Smolander, 1996). Three tubes 
were incubated at 25°C (samples). The other two were stored at -20°C until analyzed (controls, 
Day 0). The samples were removed on day 28 and stored at -20°C until analysis. After 
incubation, 15ml of 2M KCI was added to the samples and the control and the tubes shaken for 
30 minutes. Samples and controls were filtered and the NO)- and NH/ content determined. The 
NO)- concentration was determined after reduction to N02- using copperized cadmium granules 
(Bate and Heelas, 1975). The indolphenol blue method (Novozamski et at. 1974) was used to 
measure the NH4 + concentration. 
The rate of net mineralisation was calculated according to the following formula: 
















NMH\j-content of samples after incubation (Ilg N g-I dm) 
initial NMJ1\j-content (to) of samples (Ilg N g-Idm) 
incubation time (d) 







NNITR-content of samples after incubation (Ilg N g-I dm) 
initial NNITR-content (to) of samples (Ilg N g-I dm) 
incubation time (d) 
Analysis of variance was used to determine statistical significance between the means, 
followed by Duncan's post hoc tests to determine the ranking of the different means, where 
necessary. In all cases the 5% level of significance was used as a statistically significant 
difference. Summarized ANOV A tables can be found in Appendix I. 
RESULTS 
Litte rfa II 
Figure 5.1 illustrates litterfall at two-monthly intervals. It is clear that all three sites have the 
same seasonal pattern of litterfall, although differences between two-monthly totals were less 
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Fig. 5.1 Mean litterfall into littertraps in fertilized and unfertilised plots of 4-, 14-, and 22-
year-old P. patula stands, expressed on a two monthly basis, starting in 1996 and 
ending in 1997. Bars represent the mean of at least 12 samples and error bars 
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Fig. 5.2 Means of totallitterfa/l (n=4) on fertilized and unfertilized plots of 4-, 14-, and 
22-year-old P. patula stands during the period 1996-1997. Error bars represent one SE 











showed higher litterfall in response to simulated N deposition. The trend is for treated plots of 
the 14- and 22-year-old sites to have higher litterfall than unfertilized plots. 
Litterfall of aJ I three sites was highest during the winter period, the season of least 
precipitation (Fig. 5.2) and lowest temperatures. The long tenn average minimum and maximum 
temperatures for the area in July (winter) is 4.8°C and 17.4°C for January (summer) 13.9°C and 
24.2°C respectively (Louw, 1995). During the winter of 1996, more litter was produced on the 
14- and 22-year-old sites than during the same period in the next year (Fig. 5.3). This was not 
the case with the 4-year-old site. 
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Fig. 5.3 Average monthly precipitation plotted against actual monthly precipitation at 
Brooklands Plantation office during the experimental period. Brooklands plantation 
office represents the closest rainfall gauge with long-term rainfall data to the three sites. 












The precipitation at Brooklands plantation office during the summer of 1996 was higher than the 
long-term monthly averages for this particular rain station (Fig. 5.3). In the summer of 1997, the 
rainfall returned to approximately average numbers and the amount of litter produced by sites the 
14- and 22-year-old sites during this period was lower than the same period during the previous 
year. The total amount of litter produced was also lower in 1997 than 1996 (Fig. 5.2). 
Decomposition 
The cotton strip assay was used as an index of decomposition on a seasonal basis. Generally 
decomposition of cotton strips over a six-week incubation period was lower in the late winter 
(Fig. 5.4) than in autumn and summer. This seasonal trend was found on all three sites. All 
three sites have TSL lower than 70% during winter, while TSL higher than 70% was the norm 
during summer and fall. 
Fertilized plots of all three sites generally had higher TSL than unfertilized plots. This 
trend is repeated at most soil depths. Tensile strength loss was highest near the forest floor 
surface during summer and fall, while decomposition seems to increase with depth during the 
winter. Tensile strength loss is thus higher in the organic horizons than the mineral soil horizons 
in all three sites. This was the case with fertilized as well as unfertilized plots. It is clear that 
incubated cotton strips decompose more readily during the wetter summer period than during the 
winter. However, this seasonal trend appeared dependant on incubation depth. At 24cm below 
the forest floor (in the mineral soil), differences between summer or fall and winter periods were 
less pronounced. The decrease in TSL with depth is evident even on a seasonal basis (Fig. 5.4). 
At 24cm below the forest floor, TSL is lower than closer to the surface. 
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Fig. 5.4 Mean Tensile Strength Loss (TSL) of cotton strips inserted in soil on fertilized and unfertilized plots of 4-, 14-, and 22-year-
old P. patula stands. The incubation period was six weeks, after which each cotton strip was cut into smaller strips and the TSL 
determined. Oata points represent means of at least 12 cotton strips across the four unfertilized or fertilized plots for each site. Error 
bars represent one SE from mean 
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Fig. 5.4 (continued) Mean TSL of cotton strips inserted in soil on fertilized and unfertilized plots of 4-, 14-, and 22-year-old P. patula 
stands_ The incubation period was six weeks, after which each cotton strip was cut into smaller strips and the TSL determined. Oata 
points represent means of at least 12 cotton strips across the four unfertilized or fertilized plots for each site_ Error bars represent one 











Decomposition of litter in litter decomposition bags inserted in the fermentation layer on 
each plot revealed no significant differences between fertilized and unfertilized plots in terms of 
mass oflitter remaining after one year (Fig. 5.5). Between 50 and 60% of initial litter mass 
remained after field incubation for one year. Means of litter mass remaining in litterbags from 
the unfertilized plots of the three sites were not significantly different (p<0 .05) and the same 
trend was exhibited by the fertilized plots. 
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Fig. 5.5 Mean percentage of litter mass remaining in litter decomposition bags after 
incubation in the fermentation layer for 12 months. The litterbags were inserted on 
fertilized and unfertilized plots of 4-, 14-, and 22-year-old P. patula stands. Bars with 
similar letters are not significantly different (two-factor ANOVA followed by Duncan's 
post hoc test; p<0.05). Each data point represents 16 litterbags. Error bars represent 
one SE from mean. 
Nitrification and mineralization 
Net N mineralization and net nitrification was measured in samples taken in June 1997 and 
December 1997. Both mineralization and net nitrification increased in the mineral soil on all 
three sites (Fig. 5.6). There were no large differences in mineralization between the unfertilized 
treatments of the three sites, although the 4-year-old and the 14-year-old sites tended to have 











Table 5.1 Nitrification as a percentage of mineralization in mineral soil samples taken 
from fertilized and unfertilized plots of 4-, 14-, and 22-year-old P. patula stands in 
December 1997. The samples were incubated in a controlled environment for 28 days 
a d a al d fI NO - d NH + 
! 'I'/?fi'· -J(' :,,'. ,'n r .1[; ~:Y:\'FF' .Jr, 
- -~ - ~--- .. ~ .. - -- --- - - - - - - --
(:1:1'U!~.":J'.f ~~!lfO.I!l;'l;~; I~ l·)IWL~. J"l, i;l!l~).:; -q:;III'.q; 'ij,({ r;l!ffu., .- .~ -----"'-.- ~ - - - --- - - -
% 89.26 88.90 65.28 62.00 57.17 28.93 
The net fonnation ofNH/ was lower on the 4-year-old site than on the other sites .. The 
transformation ofNH/ to NO)- fonned by far the greatest proportion of microbial turnover on 
the 4-year-old site (Table 5.1). Nitrification also accounted for more than 50% of mineralization 
on the l4-year-old site, but only 29% on the oldest site (Table 5.1). As a consequence of the 
increase in nitrification due to simulated N deposition, this proportion increased to 57% on the 
fertilized plots of the oldest site. 
Table 5.2 Mean G:N ratios in the different litter layers of fertilized and unfertilized plots 
of 4-, 14-, and 22-year-old P. patula stands, which were sampled in April 1997. The 
different layers were the fermentation layer (F), the humus layer (H) and the mineral soil 
to a of 10cm 10. Values are the means of four 
F 
23.76 18.72 26.82 27.10 28.88 26.91 
(± 2.38) (± 1.96) (± 1.4) (± 0.55) (± 0.44) (±1.18) 
H 
24.29 19.52 21.05 19.89 18.77 20.17 
(± 3.88) (± 1.83) (± 0.83) (± 0.67) (± 0.7) (± 0.53) 
Mean 
25.81 19.12 23.93 23.89 23.82 24.38 
(F+H) 
M10 
18.59 18.08 20.30 18.29 22.93 20.11 































Fig_ 5.6. Means for net nitrification (N03-) and net mineralization (N03- + NH4 +) of the 
top 10cm of the mineral soil taken from fertilized and unfertilized plots of 4-, 14-, and 22-
year-old P. patula stands. The samples were incubated at 25°C for 28 days and 
analyzed for N03- + NH4 +. Error bars represent one SE from the mean. Means 











Table 5.1 shows the C:N ratios of the litter layers of the three sites in April 1997. There 
were no substantial differences in C:N ratio (Unfertilized) between the sites (Table 5.2). There 
was also a significant decreasing trend in C:N ratio only for the youngest site. 
DISCUSSION 
Simulated N deposition did not have any significant effect on litterfall. No diameter and height 
growth responses have been found after application ofN for three years (Chapter 3). 
Considering the relationship between foliage biomass, growth and litterfall, it is not surprising 
that litterfall did not increase or decrease with N deposition. In cases where N fertilization did 
lead to increased biomass production of conifer forests, litterfall increased only after a lag phase 
of 2-4 years (Malkonen et ai. 1992). 
Litterfall in the P. patuia plantations examined in this study followed the same seasonal 
pattern found in other studies on P. patuia in South and Eastern Africa. Substantially more litter 
is shed in the winter and spring period than in the other seasons (Lundgren, 1978; Dames et ai. 
1999b). Pinus patuia thus tends to shed litter during the cooler, drier periods of winter and 
spring, although it has been found that environmental factors such as drought can increase 
litterfall independently of this seasonal pattern (Dameset ai. 1999b). She found that P. patuia 
tends to retain the older needles on the tree for longer periods during drought events. Although 
drought did not occur during the experimental period of this study, the 1995-1996 rainy season 
was much wetter than the norm. In the next season (1996-1997) the precipitation returned to 
approximately average level for the area and litterfall was lower than the previous, very wet, 












Litterfall increases with age, but seem to stabilize and even decrease after canopy closure 
(Waring and Schlesinger, 1985; Dames et al. 1999b). Although it has been found that 
management practices such as pruning influence litterfall in P. patula plantations, the general 
pattern of an increase with age and stabilization after canopy closure stay the same (Dames et al. 
1999b). Litterfall is dependent on age and growth rate, and in particular, foliage accumulation. 
Needle biomass accretion rates increase towards canopy closure, peaks, and then decline after 
canopy closure (Morris, 1992). Consistent with this pattern, the trees on the 4-year-old site 
produced less litter than the older trees. The average amount of annual litter produced during 
two full years of this study compares well with other studies on P. patula, such as that of 
Lundgren (1978) in Tanzania, Singh (1982) in India and Dames et al. (1999b) in the 
Drakensberg escarpment area. Litterfall in the 14-year-old site was somewhat higher than that 
found by Dames et al. (1999b). This can be attributed to the very high MAho of this site (28) as 
opposed the 4-year-old site (19) and the 22-year-old site (20). Canopy closure occurred on the 
14-year-old site in the recent past. 
Decomposition of leaf material is considered only in terms of mass loss and P. patula litter 
lost between 40 and 50% of initial mass in one year of field incubation. This is comparable to 
mass loss rates reported by Dames et al. (1999b) for the same species in the same area, but much 
higher than those reported Versveld and Donald (1991) for P. radiata in the Southern Cape area 
of South Africa. Versveld and Donald (1991) reported mass loss rates of roughly 50% mass loss 
of needles in litterbags over a three-year period. The difference can partly be ascribed to 
differences in methods. Versveld and Donald (1991) incubated litter on the forest floor surface, 
while in the current study litterbags were incubated in the fermentation layer. The higher rate of 











Drakensberg escarpment area as opposed to warm, dry summers in the Southern Cape (Versveld 
and Donald, 1991). The combination of high temperatures and high availability of moisture, as 
well as the periodic nature of moisture availability (wet/dry cycles) during summer usually 
translates to high rates of decomposition (Waring and Schlesinger, 1985). Dames et al. (1 999b ) 
used a similar method to the one employed in this study, and mass loss rates after one year were 
similar. 
When a substrate with a high C:N ratio (cotton strips) was introduced into the P. patula 
ecosystem, it was found that additional N did increase the decomposition of this substrate. This 
could be due to a decrease in the C:N ratio of the substrate after addition of N to the forest floor 
and kickstart of the decomposition process. Absence of any increase in decomposition after N 
addition suggests that N deposition is unlikely to increase decomposition of P. patula litter in the 
short term. No evidence could be found from the litter decomposition bags, or the cotton strips, 
that the rates of decomposition are substantially different from each other underneath P. patula 
plantations of different ages. This was despite the greater exposure of soil under the 4-year-old 
site to sunlight by virtue of a more open canopy and thus more variable temperature and moisture 
conditions. Variable moisture and temperature conditions act as a primer to nitrification and 
decomposition in forest and agricultural soils (Waring and Schlesinger, 1985), and cause quicker 
turnover of organic matter. These results suggest that in these P. patula ecosystems 
decomposition is independent of stand age, except when both moisture and temperature are 
limiting factors. 
Decomposition of plant material is highly dependant on litter quality, in particular the ratio 
of C:N (Waring and Schlesinger, 1985). Only a few cases are known where additions ofN to the 
































Net nitrification and mineralization have been found to increase under conditions of 
simulated N deposition. This trend is consistent across all three sites. Increases in net 
nitrification and mineralization rates following N input are typical of coniferous ecosystems 
experiencing N saturation (Aber et al. 1989; Gundersen et al. 1998). This is indicative of an 
acceleration ofN cycling in the ecosystem that is usually the result of an increase in the 
microbial biomass in the soil. 
The C:N ratios of the litter have been found to be good predictors of net N mineralization 
and net nitrification (Gundersen and Rasmussen, 1988; Taylor et al. 1989; Gundersen et al. 
1998). C:N ratios of 23 - 25 in forests exposed to high N deposition rates were found to be a 
threshold for increased rates of nitrification in the forest floor and mineral soil and leaching of 
N03-. Below this value, nitrification and leaching ofN03- increased significantly (Gundersen et 
al. 1998). It is clear that the C:N ratio of the forest floor in P. patula plantations is low, 
indicative of an N rich ecosystem. The rate ofN cycling would be high and this can be seen 
from relatively high nitrification and mineralization rates in P. patula ecosystems found in this 
study. 
Nitrification formed a greater proportion of net mineralization than is the case in northern 
hemisphere coniferous forests, where NH/ is the main species ofN available to the plant 
(Gundersen et al. 1998). This indicates fast conversion of~ + to N03- and is consistent with 
what was found in other plantation ecosystems in the Southern Hemisphere (Adams and 
Attiwell, 1983). On the oldest site (22-years-old), after N fertilization, the formation ofN03-
became the dominant mineralization process. These trends are consistent with a shift from a 
tight N cycle where most N is available as NH4 + to an open system with high availability and 











Net nitrification in the laboratory has been found to be less reliable than in situ incubation 
of soil and organic matter (Gundersen et al. 1998). Sieving, drying and re-wetting of mineral 
soil can stimulate the processes of nitrification and mineralization (Alef, 1995). For the purposes 
of this study laboratory incubation was used to highlight possible changes in nitrification and 
mineralization under condition of simulated N deposition. In other studies ofN fertilization 
effects on forest ecosystems a high degree of similarity was found between incubation of re-
wetted soil in the laboratory and intact soil core incubations in the field (Smolander et al. 1995). 
The application of water as part of the N application solution may lead to some responses 
that were noticed in the soil dynamics measured in this part of the field study. It is conceivable 
that litter decomposition may have been influenced by the increased availability of water; 
however, no significant differences were found between the decomposition rate of the control 
and those of the treatment sites at any age. The rate of decomposition of cotton strips in June 
1996 may be explained as an artifact of water application. However, the precipitation in this area 
is mainly confined to late spring, summer and autumn. This coincided with the occasions when 
N, and subsequently, water was applied. Water is known to increase nitrification rate in soil 
(Powers, 1990), but no evidence exists that small amounts of water added to plantation forests 
increase or decrease litterfall in the short term. 
Experimental evidence presented in this study such as the absence of increased litterfall 
and increased net nitrification and mineralization after exposure of P. patula ecosystems to 
simulated N deposition suggests that these ecosystems are not N limited. Low C:N ratios of 
forest floor material also supports the conclusion that these forests are N saturated rather than N 
limited. It is expected that the production of aboveground litter by P. patula plantations 











tenn. From growth data presented elsewhere (Chapter 3) these forests exhibit growth trends 
associated with N saturation in stages 1 and 2 (Aber et al. 1989), hence litter production will 
only be affected towards the end of stage 2, when forest decline starts. Litter decomposition will 
not be affected by additional N inputs, possibly due to the interactive effects of the already high 
N availability in the system and the inhibiting effect ofN on decomposers, although litter with a 
high C:N ratio, such as new litter, may benefit from short tenn high inputs ofN. Nitrification 
and mineralization will increase, reflecting an increase in N turnover, and contributing to high 












Deposition ofN03- and N~ + leads to several chemical and biological changes in forest 
ecosystems that may eventually adversely affect tree health. These changes can influence trees 
directly or indirectly through the mycorrhizas, a plant-fungal symbiotic system that is essential to 
many forest trees for uptake of nutrients and water. It is becoming clear that this plant-fungal 
interaction is being affected by chemical changes in soil due to N deposition (Termorshuizen et 
al. 1988; Jansen and Dighton 1990; Brunner and Scheidegger, 1994). 
Nitrogen is limiting to growth of many forest ecosystems, but is also one of the most 
critical elements for growth (Jansen and Dighton 1990). Excess N in the ecosystem caused by 
deposition ofN03- and NH4 + causes reductions in the growth of extramatrical hyphae, leading to 
reductions in the frequency and diversity of ectomycorrhizal roots and fungi (Jansen and 
Dighton, 1990). Special emphasis has been placed on the role of different species ofN (N03- vs 
N~ +) in the reported decline of mycorrhizas in areas exposed to elevated N deposition. 
Termorshuizen et al. (1988) found a decrease in carpophore production following N fertilization, 
which depended on the form of N applied. In P. sylvestris seedlings N03- proved to be more 
damaging than NH4 + (Termorshuizen et al. 1988). Jansen and Dighton (1990) attributed this 
damaging effect ofN03- over NH4 + on mycorrhizal frequency to the inability of some 
mycorrhizal species to utilize N03-. Other results showed N~ + to be more detrimental to 











1994) than NO)'. Although these conflicting results can be attributed to species and 
methodological differences, a general trend is that the higher the level ofN applied to northern 
forests, the lower the number of carpophores and the mycorrhizal frequency. 
Dames et at- (I 999a) showed that pH optima for biomass accumulation exist in 
mycorrhizas growing on pine roots in the Drakensberg escarpment area. Apart from pH optima 
(Jansen and Dighton, 1990), fungi also show N optima for growth (Dames et at- 1999a) and low 
N inputs into N-poor soils are expected to increase growth for many species. However, at high 
N inputs, decreased growth is expected, except for nitrophyllous species (Jansen and Dighton, 
1990). Pines, along with Picea and Fagus species are obligatory ectomycorrhizal. Meyer (1988) 
found that growth of obligatorily ectomycorrhizal trees declined more than facultatively 
ectomycorrhizal trees, which showed a lesser degree of damage. 
Locally, no changes in the total numbers of mycorrhizal root tips on P. patula roots in 
stands that received NPK fertilizer were found, but the species composition of the 
ectomycorrhizal biomass changed significantly (Carlson, 1994). A similar trend was observed in 
35-year-old Picea sitchensis in Britain supplied with N fertilizer, while new species also 
appeared (Alexander a d Fairly, 1983). These trends may be due to differences in the efficiency 
of the mycorrhizal species in using NO)' and NH/. Laboratory experiments showed that 
different mycorrhizal fungi have different preferences for different N species (Dames et al. 
1999a). 
In some instances, the effect ofN on carpophore production and mycorrhizal species 
dynamics seem to be contradictory when analyzing results obtained in the field as opposed to 
those obtained in controlled seedling experiments. In the Netherlands, in an area with high 











Dighton, 1990) and Pinus sylvestris (Termorshuizen and Schaffers, 1987) showed lower fruiting 
body production and lower mycorrhizal frequency, while the same trend could not be shown for 
younger stands. These trends can possibly be linked to mycorrhizal succession. Succession of 
mycorrhizal species takes place throughout the lifetime of the ectomycorrhizal host. In young 
stands (pre-canopy stage) the number of species increases through each year (Fleming et al. 
1984; Dighton et al. 1986; Last et al. 1987). In northern conifers the number of species is 
highest at canopy closure, when fungi from both pre- and post- canopy stages are present. Pre-
canopy stage stands are characterized by pioneer fungi, which disappear at canopy closure when 
fungi characteristic of mature trees appear (Jansen and Dighton, 1990). 
In contrast to the mostly negative effects ofN on mycorrhizal population dynamics 
discussed above, other results have shown that N fertilization increased the longevity of 
mycorrhizas, while decreasing mortality (Alexander and Fairley, 1983). Both negative and 
positive effects of excess N on the microbial composition of trees can persist for up to 10 years 
after N application (Arnebrandt and Soderstrom, 1992). This result is especially relevant in areas 
that receive high levels ofN deposition, where changes in mycorrhizal population composition 
changed the efficiency of uptake of water and nutrients such as P. 
N deposition is expected to reduce the numbers ofmycorrhizas, the functioning of 
mycorrhizas, the mycorrhizal biomass composition as well as the number of fine roots of 
affected trees. These changes in mycorrhizal dynamics might contribute to nutrient imbalances 
and growth decline (Jansen and Dighton, 1990). The aim of this study is to determine the effects 
of simulated N deposition on various aspects of population dynamics of ectomycorrhizal fungi 











MATERIALS AND METHODS 
The method of Carlson (1992) was used and modified to suit this experiment. In October 1996 a 
stainless steel tube with a sharpened edge was used to remove soil cores from the top 20 cm on 
every plot. The individual soil samples were numbered to ease identification and taken to the 
laboratory where the roots, stones and larger pieces of organic material were removed by hand. 
Root ingrowth bags were constructed from glass fibre mesh with a mesh size of I mm. The root 
ingrowth bags measured 40cm in length and had a diameter of 4cm. The bags were inserted in 
the cylindrical holes left where soil was excavated. The diameter of the hole was 4 ± 0.2 cm, 
thus leaving as little space between the bag surface and the intact soil as possible. The cleaned 
soil was then returned to the corresponding hole and bag and gently firmed by hand. On every 
plot six ingrowth bags were inserted in the irmer plots. The bags were positioned 1 ,Sm from the 
trunk of three randomly selected trees, covering all four major directions. 
The root ingrowth bags were removed from the plots in March 1997. A sharpened 
stainless steel tube, slightly bigger than the root bag, was used. Care was taken that all roots 
were severed before final removal of the bag. The intact cores were taken to the laboratory and 
the roots removed by hand. The soil was then used to determine soil volume in the bag. The 
roots were immediately covered in 30 % ethanol to prevent them from becoming brittle (Carlson, 
1992). The roots were viewed under a stereomicroscope with a 20X and 30X magnification. 
Mycorrhizal root tips were classified according to the width and length of the tip, surface 
characteristics and colour of the mantle (Carlson, 1992). For determinations of physical 
characteristics and measurements of the mycorrhizal morpho types at least 10 root tips were 











The length of the roots was determined according to the method of Tennant (1975). The 
roots were placed in a petri dish on top of a I x I cm grid. The number of times the root crossed 
or touched a grid line was counted and was assigned a count of one (I). Where the curved 
portion of a root lay along a root, a count of two (2) was given. The length of the root was 
calculated as follows (Tennant, 1975): 
Root length (cm) = Total number of grid intercepts x (11/14) 
The mycorrhizal density (number of mycorrhizal root tips per cm root) for individual 
mycorrhizal morphotypes and for total number ofmycorrhizas was calculated accordingly. 
The same roots that have been used for mycorrhizal measurements were also used for root 
measurements. The root density and specific root length were calculated after the roots had been 
dried at 60°C for 3 days. Root density was calculated as the length of root per volume (Cm/cm3) 
of soil in the root ingrowth bags and the specific root weight is the root dry weight length of root 
(mg/cm). Soil analyses for use in he correlation matrix are described in Chapter 4. 
Analysis of variance, followed by Duncan's test was used for significance testing across 
more than two means . In all cases, p<O.05 is used to denote significance at the 5% confidence 
level, which was taken as a statistically significant difference throughout. The Mann-Whitney 
test was used in cases where the number of values per sample was unequal. Summarized 












Four different types of mycorrhizas were found on the roots of P. patula (Table 6.1). A short 
description of each can be found in Table 6.1. Dames et al. (1999a) found that mycorrhizal type 
2 corresponds to the carpophore of Boletus pinacola and type 3 to that of Scleroderma citrinum. 
Carpophores of both these fungi were plentiful on all the plots towards the end of the summer 
rainfall period every year although no quantitative estimates were performed. Carlson (1994) 
reported mycorrhizal root tips of similar description on the roots of P. patula in the Drakensberg 
escarpment, although no attempt was made to link carpophores to the mycorrhizas or to identify 
the fungi concerned. 
Table 6.1 Physical description of main morphotypes of mycorrhizas found on the roots 
of P. patula in this study. Carpophores associated with morphotypes 2 and 3 are from 
the work of Dames et al. 999a. 
Branching Simple, Simple, Simple, Simple, 
dichotomous dichotomous dichotomous dichotomous 
Colour Light brown with Dark brown with White 
Dark brown with 
lighter tip lighter tip black tip 
Length of tip 
1.305 (± 0.274) 1.497 (±0.305) 1.652 (±0.425) 0.691 (±0.118) (mm) 
Width of tip 
0.380 (±0.162) 0.204 (±0.178) 0.345 (±0.215) 0.325 (±0.230) (mm) 
Smooth, hyphae Rough Smooth, hyphae Smooth, dense Surface appearance, hyphae emanating 
sparse 
hyphae sparse 
sparse from surface 
Associated 











Specifi c root length of roots growing into root bags showed an increasing trend with age 
(Fig. 6.1). P. patula roots in the litter layer and upper soil layer are thus getting heavier as the 
trees age. This trend is reversed with the application ofN. There were no significant differences 
between unfertilized and fertilized plots at any age/site in tenns of root growth into root ingrowth 
bags in the period September 1996 to March 1997, although a decreasing trend in root density 
was observed in reaction to simulated N deposition (Fig. 6.2). 
Mycorrhizas from Boletus pinacola and Scleroderma citrinum (species 2 and 3) dominated 
in terms of numbers, while morphotypes land 4 were found only infrequently (Fig. 6.3). There 
were significantly more Scleroderma citrinum type mycorrhizas on the roots of fertilized 
samples from site the 22-year-old site relative to the unfertilized plots. None of the other 
comparisons were significantly different at the 5% level. All four species were represented at the 
three sites and there were no clear trends in population dynamics across the three ages. No new 
species appeared, although other studies found evidence of up to seven species on the roots of a 
4-year-old P. patula stand in the same area (Carlson, 1994). It is clear that simulated N changed 
the relative abundance of the two dominant species, while species I and 4 were not influenced to 
the same extent. The roots isolated from the ingrowth bags of fertilized plots of the 22-year-old 
site possessed significantly more mycorrhizas than unfertilized plots of that site (Fig. 6.4). This 
was also significantly more than the unfertilized and fertilized plots for the 14-year-old site and 
the 4-year-old site. This increase was mainly due to a sharp increase in the numbers of 
Scleroderma citrinum in reaction to the simulated N treatment. The 22-year-old site showed a 
trend oflower ratio of type 2 to type 3 in response to simulated N levels (Fig. 6.5). This trend 



















(J 2.0 :;::: 
"u 
Q) 1.5 a. 
Vl 
1.0 







Fig_ 6.1 Specific root length of root samples from the root ingrowth bags taken from 
fertilized and unfertilized plots of the field sites in March 1997, after incubation for six 
months. Values followed by the same letter are not significantly different at p<O. 05 by 
two-factor ANOVA followed by Duncan's multiple range post hoc test. Values are the 
means of at least eight samples per treatment and error bars represent one standard 























Fig. 6.2 Root density in root ingrowth bags incubated in fertilized and unfertilized plots 
of the three sites investigated. The root bags were inserted in October 1996 and 
removed six months later. Values followed by the same letter are not significantly 
different at p<0.05 by two-factor ANOVA followed by Duncan's multiple range post hoc 
test. Values are the means of at least eight samples per treatment and en-or bars 
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Fig. 6.3 Number of mycorrhizal root tips of the four mycorrhizal species per length of 
root isolated from root ingrowth bags incubated in fertilized and unfertilized plots of the 
three sites investigated. The root bags were inserted in October 1996 and removed in 
March 1997. ** signifies a significant difference at p<O. 1 with the Mann-Whitney U test. 
Values are the means of at least eight samples per treatment. Error bars represent one 
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Fig. 6.4 Total number of mycorrhizal root tips per length of root isolated from root 
ingrowth bags incubated in fertilized and unfertilized plots of the three sites investigated. 
Values followed by the same letter are not significantly different at p<O.05 by two-factor 
ANOVA followed by Duncan's multiple range post hoc test. Values are the means of at 
least eight samples per treatmen and error bars represent one standard error from the 
mean. 
Ul 5.0 Co 
+l 
4.5 .... 0 Unfertilized a 
0 -Fertilized 0 4.0 ... "'iii 3.5 ab ab .t:! 









(/) 0.5 -0 
0 0.0 
+l 4-year-old 14-year-old 22-year-Old 
(II 
0:: Sites 
Fig. 6.5 Ratio of mycorrhizal species 2 to species 3 on roots isolated from root ingrowth 
bags. These morphotypes have been found to be the most important in terms of 
biomass. Values followed by the same letter are not significantly different at p<O.05 by 
two-factor ANOVA followed by Duncan's multiple range post hoc test. Values are the 
means of at least eight samples per treatment and error bars represent one standard 











Table 6.2 Pearson correlation coefficients for mycorrhizal attributes and various soil 
parameters. Coefficients include both the unfertilized and fertilized treatments across 
the 4- 14- and P. atula sites. 
Root density -0.11 0.05 0.01 -0.12 -0.05 -0.02 -0.01 0.06 0.07 0.02 
Frequency of 
-0.02 0.10 0.11 0.16 0.07 0.15 -0.01 -0.28 0.29 0.17 species 2 
Frequency of 
-0.12 -0.22 -0.37 -0.03 -0.31 -0.41 0.39 0.10 -0.41 -0.33 species 3 
Total 
-0.05 -0.06 -0.20 0.12 -0.21 -0.19 0.33 -0.15 -0.12 -0.11 mycorrhizal 
There was no correlation between mycorrhizal attributes and nutrients in the mineral soil 
across treatments and ages (Table 6.2). Within each site, correlations ere found with individual 
elements, but these were not consistent across sites. Soil analysis revealed that the total P levels 
in the soil of the 22-year-old site were very much lower than on the 4- and 14-year-old site 
(Table 4.1, Chapter 4). There were, however, no strong correlations between the soil total P and 
any of the mycorrhizal attributes. Simulated N deposition over three years did not change the 
soil total P on the 22-year-old site significantly. Results from chapter 3 (Table 3.3), revealed a 
significant increase in the N:P ratios in the leaves of fertilized trees of the 22-year-old site. 
Similar trends were observed on the other sites. 
DISCUSSION 
More than two seasons of simulated N deposition treatment at 120 kg Nha- I yr-I ofN did not 
have any significant effect on root density in the root ingrowth bags. Thus, increased N 
availability in this system did not lead to any significant adjustment in mycorrhizal biomass 
allocation, although a decreasing trend was observed on all the sites. This is supported by the 
lack of significant growth responses of the aboveground compartments (Chapter 3). This lack of 
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culminate in altered nutrient relations. The nature of the change in nutritional relations can, 
however, not be predicted, mainly due to the dearth of knowledge regarding the role the different 
mycorrhizal morphotypes play in nutrition. 
The two dominant species of mycorrhizas on P. patula roots in South Africa, Scleroderma 
citrinum and Boletus pinacola were studied in detail by Dames (1999a). Both species showed 
definitive preferences for N03- and N~ + in vitro. There was no difference in the utilization of 
N03- and N~ + forms ofN by Scleroderma citrinum while there was a definite preference for 
NH4 + by Boletus pinacola. Dames et al. (1999a) have also shown that Boletus pinacola had a 
very low pH optimum (2.00), while Scleroderma citrinum had a slightly higher optimum (3.00 -
5.00). In response to simulated N deposition treatment with N03- and N~+, the mycorrhizal 
density of Scleroderma citrinum increased while that of Boletus pinacola was reduced on the two 
youngest sites while it remained stable on the 22-year-old site. This change in the ratio of the 
two dominant species could thus be explained in terms of their preference for N03- and NH/. 
While Scleroderma citrinum utilized both inorganic forms ofN, Boletus pinacola used only 
N~ +, conferring a competitive advantage on the former species, which is expressed in terms of 
an increase in numbers of mycorrhizal root tips. From the study of Dames et al. (1999a), 
whether Scleroderma citrinum can be regarded as a nitrophyllous mycorrhizal species is still 
unclear. Nitrophyllous species would be expected to remain stable during N saturation or even 
increase in numbers when exposed to N (Jansen and Dighton, 1990). Mycorrhizal species other 
than species 2 and 3 are only of minor importance in terms of numbers. 
Neither root nor mycorrhizal attributes were well correlated to any soil nutrient parameters 
examined in this study. Of significance is the poor correlation between soil P availability and 











>v>"."""" it was v/UJvvLvU 
was not 
in root 












Large long-tenn inputs ofN03- and NfLt + to forest ecosystems lead to N saturation, which is 
characterized by increased N cycling which culminates in losses ofN03 - to drainage waters 
(Aber et al. 1989). Fast turnover ofN in an open N cycle is often associated with increased () 15N 
values in ecosystem elements (Hogberg, 1990; Hogberg and Johannisson, 1993). Garten (1993) 
predicted that natural abundance of 15N would progressively increase in ecosystems becoming N 
saturated, mainly due to enriching effect ofN turnover in the ecosystem (all N turnover 
processes discriminate against the heavy isotope). Garten (1993) concluded that the () 15N of 
ecosystem elements could therefore prove to be a useful indicator ofN deficiency or N 
saturation. 
() 15N in forest ecosystems is a function of the 15N natural abundance of the N compounds 
entering and leaving the syst m, the input-output balance, N transfonnations, N source 
partitioning and N compartmentalisation within the ecosystem (Handley and Raven, 1992). In 
forest ecosystems, these values lie between -10 and + 15%0 (Mariotti et al. 1980; Hauck and 
Bremner, 1976). Most forest soils are enriched in 15N relative to atmospheric N, partly due to 
nitrification followed by N03-leaching, (Handley et al. 1996), volatilization ofNH3 
(Johannisson and Hogberg, 1994) and denitrification (Wellman et al. 1968; Delwiche and Steyn, 
1970). A repeated pattern is that () 15N values of undisturbed soils tend to increase with depth 











related nitrification and downward movement of humic material (Mariotti et al. 1980; 
Nadelhoffer and Fry, 1994). 
In most cases the foliage of forest species is slightly depleted in 15N compared to the soil 
(Nadelhoffer and Fry, 1988). The difference between the S15N of the foliage and that of the soil 
layers is referred to as the enrichment factor (E) and a positive relationship between E and the 
extent ofN saturation has been found in European sites (Emmett et al. 1998). A positive 
relationship has also been found between net nitrification and mineralization potential in soil and 
E and foliar SI5N values (Garten and van Miegroet, 1994). Differences between current and older 
needles have been observed and are possibly due to the onset of catabolic activity in the old 
needles and the subsequent translocation ofN to the actively growing needles (Gebauer and 
Schulze, 1991). Older needles from a Picea abies plantation showing signs of growth decline and 
needle loss were more depleted in 15N than older needles from a healthy site, probably due to an 
earlier onset of translocation in the stressed trees. In simulated N and fertilization experiments 
two stages of foliage S15N status are observed (Hogberg et al. 1992; Nommik et al. 1994). 
Initially the 815N values resemble the signal of the added N, reflecting use of "new" N, followed 
by an increase in 8 15N as the rates of mineralization and nitrification increase. 
Recent studies have shown that carpophores and the fungal sheath surrounding the root are 
highly enriched in 15N (Handley et al. 1996), suggesting preferential storage of the heavy isotope 
ofN. Handley et al. (1996) found large variation in fungal 815N that could be attributed to 
internal cycling ofN, since the caps of fruiting bodies of mycorrhizal fungi were enriched 
relative to the stipes. This phenomenon was also found when the fungal sheaths of mycorrhizal 











In recent years the focus in N deposition research has shifted from merely monitoring 
deposition effects and investigating mechanisms of damage to researching and finding possible 
indicators ofN saturation (Fenn et al. 1998; Gundersen et al. 1998). Recently it became clear 
that the C:N ratio of the organic soil and the upper mineral soil of forests in combination with 
other processes such as N03' leaching and nitrification could serve as a tool to predict N 
saturation (Gundersen et al. 1998). The relationship between the C:N ratio of the F-layer, 
nitrification and the leaching ofN03- from the mineral soil has been investigated for coniferous 
ecosystems in the northern hemisphere (Emmett et al. 1998; Dise et al. 1999). A clear trend 
apparent in the sites that formed part of the NITREX consortium of ecosystem manipulation 
experiments is that the nitrification rate is very low and subsequently almost no leaching ofN03-
takes place in sites with a C:N ratio exceeding 25-27 (Gundersen et al. 1998; Dise et al. 1999). 
At sites that exhibit a C:N ratio lower than 25, detectable leaching took place, while the 
nitrification rate also increased (Gundersen et al. 1998; Dise et al. 1999). 
This study investigated the distribution of stable N isotopes in managed P. patula 
plantations to gain insight into N cycling dynamics in such plantation ecosystems in South 
Africa. The N isotope ratio after the addition ofN to P. patula stands was also investigated to 
determine the fate of added N. The C:N ratio in the organic soil layers was investigated to 












MATERIALS AND METHODS 
Sampling 
Samples were collected in April 1997, in the winter (dry season). Sampling was undertaken on 
three sites, namely P. patula sites that were 4-, 14- and 22-year-old in 1995. Samples were taken 
from the L1-, L2-, F and H- organic soil horizons (Dames, 1999a), the top 10 cm of the mineral 
soil (M 1 0), the current years needle growth and the needles from the previous growing season. 
Roots were isolated from the F-layer of the three sites. Carpophores were sampled from the 
forest floor. These consisted mainly of Scleroderma citrinum. One mini-plot (1 x 1 m in size) 
was randomly selected for each site. One sample was taken from the freshly fallen litter at the 
top of the organic horizon by removing all the litter from that layer inside of the I x I m square 
(L1-layer). The same method was repeated with the other layers. Roots were isolated from the 
F- and H- layers by hand. All samples were taken to the laboratory, dried at 65°C for 96h, and 
two subsamples taken from each sample. The subsamples were ground in a rotator mill (Retch, 
Germany), and stored in airtight containers until analyzed. 
Isotopic analyses 
Simultaneous analyses of the Nand C content and the Nand C isotopic composition were 
undertaken on a system combining an elemental analyzer with a Finnigan Mat 242 gas isotope 
mass spectrometer. Results were expressed as 8 values, which are relative to standard reference 

















molar ratio of 15N/14N or 13C/12C of the sample 
molar ratio of 15N/14N or 13C/12C of the standard 
N isotopic compositions were expressed relative to an atmospheric air standard (8 15NAIR = 
0) and carbon isotopic values were expressed against a Pee Dee Belemnite standard (8 13CPDB = 
0). The 8 15N values of the N mixture applied to the fertilized plots were also determined. Five 
samples were taken and reduced to dryness in a freeze-dryer. 
Analysis of variance, followed by Duncan's post hoc test, was used for significance testing 
across more than two means. Summarized ANOV A tables can be found in Appendix 1. 
RESULTS 
615N abundance of the soil 
The natural 15N enrichment of the organic soil horizons ranged from I to 4.5%0 (Fig. 7.1). All 
the 815N values for the different soil horizons had positive values, and increased with an increase 
in the depth of the organic horizon (H>F>L2>L1). There were, however, differences in the slope 
of the increase in 8 15N between the different sites. Differences between the L 1- and the H- layers 
were much larger on the 14- and 22-year-old sites than on the 4-year-old site. This can also be 
seen in the significantly higher H- layer 815N values for the 14- and 22-year-old sites. This trend 
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Fig. 7.1 Mean 615N values of different organic and mineral soil horizons form fertilized 
and unfertilized plots of 4-, 14-, and 22-year-old P. patula sites. Bars with the same 
letters are not significantly different at p<O. 05 (three-factor ANOVA followed by 
Duncan's multiple range post hoc test). The post hoc test was carried out on each site 
individually, and the sites can thus not be directly compared. Values are the means of 











Application ofN to these sites did not change the olsN values of the organic soil horizons to a 
large degree and no clear trend was observed, except for the 4-year-old site (Fig. 7.1). Here the 
fertilized values all tended to be lower than the unfertilized values, although not significantly so. 
The o,sN of the applied N mixture was determined to be -O.55±O.15%o. 
In all three sites the top IOcm of the mineral soil (MIO) was significantly more enriched in 
olSN than any of the other horizons studied. The MIO horizon from the 14- and 22-year-old sites 
had higher olsN values than did the 4-year-old site (Fig. 7.1). In all cases application ofN to the 
sites depleted the Mlo horizon of fertilized in ISN relative to the unfertilized plots. 
015N abundance of the plant components 
The olsN values of roots isolated from the F- and H- layers increased with age, but were 
consistently lower than those of the F- and H-layers of the respective sites (Fig. 7.2). 

















Fig. 7.2 Mean 615N values of roots isolated form the F- and H- horizons of fertilized and 
unfertilized plots of 4-, 14-, and 22-year-old P. patula sites. Bars with the same letters 
are not significantly different at p<O.05 (two-factor ANOVA followed by Duncan's 
multiple range post hoc test) . Values are the means of the four plots per treatment and 











other studies (Handley and Raven, 1992). Application of N to the sites lowered the Ol5N of 
carpophores on all sites. 
The 0 15Nvalues of P. patula leaves ranged from 1.5 to 3.9%0. The leaves from the 4-year-
old site showed significantly lower values than those of the 14- and 22-year-old sites (Fig. 7.4). 
In all cases the one-year-old needles exhibited lower Ol5N values than the current needles. There 
was a trend for the current-year needles of the fertilized plots of all three sites to have lower Ol5N 













Fig. 7.3 Mean 015N values of carpophores from the fertilized and unfertilized plots of 4-, 
14-, and 22-year-old P. patula sites. Bars with the same letters are not significantly 
different at p<O.05 (two-factor ANOVA followed by Duncan's multiple range post hoc 
test). Values are the means of the four plots per treatment and error bars represent one 
SE from the mean. 
The ~13C of ecosystem components 
The Ol3C of the ecosystem components show the typical values for C3 plants. There were no 
significant differences in Ol3C between the organic horizons of the three sites (Fig. 7.5). No 
evidence could be found that chronic N addition changed the Ol3C of organic or mineral soil 
horizons. A notable departure from typical C3 values was found in the top of the mineral soil 
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Fig. 7.4 Mean (j15N values of needles form different age classes collected from fertilized 
and unfertilized plots of 4-, 14-, and 22-year-old P. patula sites. Bars with the same 
letters are not significantly different at p<O.05 (two-factor ANOVA followed by Duncan's 
multiple range post hoc test) . Values are the means of the four plots per treatment and 
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Fig. 7.5 Mean 613C values of different organic and mineral soil horizons and roots 
isolated form the F- and H- horizons of fertilized and unfertilized plots of 4-, 14-, and 22-
year-old P. patula sites_ Bars with the same letters are not significantly different at 
p<O.05 (ANOVA followed by Duncan's multiple range post hoc test)_ Values are the 
means of the four plots per treatment. Error bars represent one SE from the mean. 
decreased with age. 813C values from this layer were significantly higher than the other soil 
layers (Fig. 7.4). 
C:N ratios of the soil horizons 
The general trend in all the sites was a decrease in the C:N ratio with depth (Fig. 7.6). This was 
less clear on the 4-year-old site, which exhibited low C:N ratios even in the L 1- and L2- layers, 
although the values for the F- and H- layers were similar to the 14- and 22-year-old sites. 
Contrary to what was found with the 815N values, the C:N ratios were influenced by the 
application ofN (Fig. 7.7). Most of the values fell below the 1: 1 line, suggesting lower C:N 
ratios in the organic and mineral soil horizons than the respective unfertilized components. This 































Fig. 7.6 Mean C:N ratios of the organic and mineral soil horizons of the unfertilized plots 
of 4-, 14-, and 22-year-old P. patula sites. Bars with the same letters are not 
significantly different at p<O.05 (two-factor ANOVA followed by Duncan 's multiple range 
post hoc test) . Values are the means of the four plots per treatment and error bars 
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Fig. 7.7 Relationship between C: N ratio of the fertilized and unfertilized plots of 4-, 14-, 
and 22-year-old P. patula sites. A 1: 1 line was drawn in to illustrate the deviation of the 













The (SlsN values in this P. patula plantation ecosystem were higher than what is normally 
expected of coniferous ecosystems (Emmett et al. 1998, Gebauer et al. 1994, Nadelhoffer and 
Fry, 1994). Several factors combine to create this effect. Firstly, the sites in the current study 
are second rotation coniferous plantations that have been left unplanted between rotations for up 
to two years. This management practice increases the rate of mineralization and nitrification and 
encourages N loss from the soil (Vitousek, 1981), leading to elevated 8 1SN values in the soil and 
vegetation. The practices of ripping, pitting and ploughing, frequently carried out in forest 
compartments before planting of new seedlings would further disturb the site and add to mixing 
of soil layers thereby increasing the rate of nitrification. A similar conclusion has been reached 
to explain the exceptions to the normal range of 8 15N that have been found at AbeT forest, Wales, 
where high 8 15N values were attributed to disturbance of the ecosystem through management 
practices (Emmett et al. 1998). 
Secondly, prior to being converted to plantations, all three sites supported C4 grasslands, 
similar to undisturbed grassland ecosystems in the Drakensberg escarpment (Scholes et al. 
1996). Apart from anecdotal evidence, this can also be deduced from the carbon isotope signal 
of the sites. While the organic soil horizon reflects the C3 photosynthetic pathway that is 
characteristic of most pines (Ehleringer et al. 1993; Warren and Adams, 2000), the C resident in 
the mineral soil has 813 C values >-20%0. This is indicative ofC originating from C4 plants, 
which constitute a substantial portion of the grass species in the grassland ecosystem in the high 
altitude areas in the Drakensberg escarpment (Scholes et al. 1996). The N turnover rates in these 
grasslands are generally high, mainly due to the high levels ofN in the foliage and the annua1 











(Scholes et al. 1996). This would lead to a high turnover ofN, and through high rates of 
nitrification and mineralization, increase the 815N values in the ecosystem. By the 1950's, 
plantations were established, replacing the grasslands, but with a resident soil N pool which was 
enriched in 815N due to the discriminatory effect of high rates of nitrification and mineralization 
against the heavy isotope (Vitousek et al. 1989). 
Lastly, the N cycle in these ecosystems is generally fairly open, which supports high rates 
of nitrification and mineralization. It is estimated that the rate of anthropogenic N input in the 
Drakensberg escarpment area is between 15 and 20 kg-l.ha-1yr-1 (Tyson et al. 1988; Olbrich, 
1995). Schutz (1990) documented high levels of N in P. patula leaves in the area, an indication 
of high N loading of the ecosystem, while Nowicki (1997) reported high levels of N03 - in the 
streams draining the forestry areas, indicating leaching ofN from the soil and an open N cycle. 
The net result of these processes is an increase in the 815N values of the ecosystem elements. 
Other indicators from the current study, such as low C:N ratios and low retention of added N in 
the system, also indicate possible long term exposure of this system to N deposition (Chapter 5; 
Chapter 6). 
Soil8 15N values generally increase with depth and this is usually attributed to downward 
transport of humus particles enriched in 815N as well as continuing nitrification at the different 
layers (Vitousek et al. 1989; Nadelhoffer and Fry, 1988). The P. patula ecosystem investigated 
in this study exhibited a steep gradient in 15N downwards in the soil profile and this gradient 
increased with age of the site and with depth of the litter layer. Corresponding layers from the 
different sites tended to show an increase in 815N with age. Since nitrification and 
decomposition discriminate against the heavy isotope, this is indicative of the time of exposure 











enriched in 15N (Fig. 7.5); normally, the mycorrhizal sheaths on the roots are also enriched in 15N 
(Handley and Raven, 1992). After mortality of these fungal elements the decaying material 
becomes part of the necromass of the F- and H-Iayers . 
After two seasons of adding of 120 kg N ha-1 yr-l no clear trend in 815N of the fertilized 
plots relative to the unfertilized plots was evident. Soil total N usually consists of relatively 
inactive N, such as organically bound N, and does not immediately reflect the 815N value of the 
added N (Johannison and Hogberg, 1994). A detectable and consistent treatment effect could 
establish only several years after the start of chronic N inputs, as the new N replaces the old 
residual N and starts to dominate the signal. This pre-treatment memory effect is especially 
evident in the mineral soil horizons (Handley and Scrimgeour, 1997). In contrast, the established 
plants and the understorey in plantations would provide clearer short-term indication of changes 
in the N pools than the soil (Johannison and Hogberg, 1994). In a recent review, Handley and 
Scrimgeour (1997) maintained that plants would use the newest N available to them, which in 
the case of forest fertilization, would be fertilizer-No Results from the current study are 
consistent with this conclusion. 
Vegetation 8 15N values normally reflect the actively sampled soil N pool and therefore the 
recent history of the site. This can be seen in the 815N values of the fertilized plots. The 
isotopically light N that has been added to fertilized plots was reflected in the current needles of 
all three sites. This was not the case with the Y 1 needles, possibly due to the effect of 
retranslocation from these needles. These findings suggest that some of the added N is taken up 












Pinus patula needles on the three sites showed a decreasing trend in 815N with age of the 
needles involved. Gebauer and Schulze (1991) found a similar trend in Picea abies in the 
Fichtelgebirgte in NE Bavaria, Germany, which they attributed to the onset of catabolic activity 
in the older needles and subsequent export ofN-containing compounds. Alternatively, it could 
be due to the live needles acting as a strong sink for assimilated N. This last scenario seems 
likely in the light of the work by Fife and Nambiar (1997) in which they showed that N is 
vigorously translocated within the plant (P. radiata) from the older needles to the youngest 
needles. The general trend of lower 815N values in the 4-year-old site than the other sites was 
also evident in the foliage. This further supports the conclusion that nitrification and 
ammonification are important determinants of 815N values in this ecosystem. The 4-year-old site 
has not had the exposure to these processes that the 14- and 22-year-old sites have had. Nitrogen 
produced during nitrification is lost from the ecosystem and will be depleted in 15N, leading to 
gradual enrichment of plant available N. Generally, sites exposed to high levels ofN deposition 
also have higher 815N values (Gebauer and Schulze, 1991). 
The 815N values of carpophores from P. patula ecosystems were much higher than any 
other ecosystem elements. A similar trend was found for other coniferous ecosystems (Gebauer 
and Dietrich, 1993) and also in some common garden fungi (Handley et al. 1996). These studies 
suggest that the loading of carpophores with the heavy isotope ofN could be due to internal 
recycling ofN within the carpophore. However, the observed differences between cap and stipe 
reported in the aforementioned studies were too small to explain the reported difference in 815N 
between fruiting body and the organic soil, mineral soil, roots and leaves. In this study, the 











layers of the P. patula sites were 5 and 6%0, respectively. Simulated N lowered the (5lsN of 
carpophores, indicating use of the fertilizer N that was added to the fertilized plots. 
Work by Dames (1996) showed that in P. patula ecosystems most of the fine feeder roots 
are found in the LI (40%) and the F-layers (31 %). The uptake and storage of ISN-enriched N by 
fruiting bodies of mycorrhizal fungi can, at least in part, explain the discrepancy between the live 
foliage and these organic soil zones where N is principally taken from. Roots from the 
fermentation layer showed consistently lower (5 lsN values than the F- layer itself. That means 
that the plant is accessing N that is slightly depleted in ISN. It is possible that the organic N in 
the decomposing plant litter is quite highly enriched in ISN, since the measured (5lsN values 
reflect the total N-pool, which would also serve to explain the observed differences between 
fruiting bodies and LI and F layers. Several mycorrhizas possess the ability to take up organic C 
because they possess enzymes that hydrolyze organic N so that it can become available to plant 
roots (Nasholm et al. 1998). Another plausible way of explaining the difference between the 
live foliage and the N source is that the roots are taking up isotopically light N, which is the 
product of the processes of ammonification and nitrification (Nadelhoffer et al. 1996). Isotopic 
fractionation during the uptake ofNH/ (Montoya et al. 1991) and N03 - (Wada and Hattori, 
1978) has been noticed in marine phytoplankton, but in N limited ecosystems this seems unlikely 
(Nadelhoffer and Fry, 1994). 
Garten (1993) proposed using an enrichment factor, E, the difference in (5lsN between soil 
and foliage, to indicate the degree ofN saturation. In the NITREX project, a high correlation 
was found between E, N deposition and other indicators ofN loading into coniferous ecosystems 
(Gundersen et al. 1998). It is, however, clear that management practices can influence the 











(H- and MIO- layers) and mean foliage 6 15N (current + one-year-old needles), all three plots show 
E values of 1-2, indicating a highly enriched ecosystem. This could have been due to high levels 
ofN deposition or, as in the case of Aber forest, Wales, it could merely be the product of 
management practices that increased the rate ofN cycling in the system (Emmett et al. 1998). 
The influence of anthropogenic N on the 615N values of the P. patula ecosystem, therefore, is not 
clear and the use of E as an indicator ofN saturation is therefore ambiguous. This suggests that 
E, the enrichment factor will not be a good indicator ofN saturation in this ecosystem. 
The mean C:N ratio of the F- and H- layers combined in the unfertilized plots of the tree 
sites ranged from 23 to 24, reflecting N-rich sites (Emmett et al. 1998). A C:N ratio of 24 was 
found to be a critical point in the N cycle of forests exposed to N deposition (Gundersen et al. 
1998). Both net nitrification and N03 . leaching have been shown to increase if the C:N ratio falls 
below this critical level, although a transitional zone has been found between 23 and 25 where 
nitrification and leaching cannot be predicted from the C:N ratio (Dise et al. 1999). This seemed 
to apply to P. patula stands in the Drakensberg escarpment? where the magnitude ofN03· 
leaching from untreated soils has not reached levels characteristic of a true N saturated 
ecosystem, although high levels ofN03· has been found in saturated soil extracts and stream 
water (Nowicki, 1997). The C:N ratio of the H-layer is generally lower than that of the F-layer 
because of the large proportion of humic particles in the H-layer, which contains large amounts 
of largely immobile N. 
Changes in the C:N ratio are very slow in response to N deposition and it is expected to 
take decades for the C:N ratio to reach levels below 25 (Gundersen et al. 1998). The very low 
levels exhibited by the P. patula ecosystem are indicative of a system that has been exposed to 











into P. patula ecosystems in the Drakensberg escarpment area in excess of 20 kg N ha-1 yr-l in 
the late 1980's and early 1990's. Nitrate deposition values in excess of 10 kg N ha-1 yr-l have 
been measured in the early part of the last decade and very high emission figures for power 
stations, the major producers of NO x 's, have been recorded as least as far back as the early 
1980's (Tyson et al. 1988). Although pollution figures for the period 1960-1980 are not 
available, it can be assumed that the inputs to the system would have been relatively high, since a 
number of power stations in operation at that time. 
These results suggest that P. patula ecosystems in the Drakensberg escarpment are 
enriched in the heavy isotope, probably because historically the areas were under grasslands with 
high N turnover rates as well as the management applied to the plantations. Nitrogen saturation 
is expected to increase the fraction of the heavy isotope further, since N turnover is accelerated 
and the N cycle become more open. The C:N ratio in the organic soil horizons of the sites 
investigated already show values that are associated with increased leaching of N03- and an 
acceleration ofN cycling (Gundersen et al. 1998). Simulated N deposition did not change the 
C:N ratio or the 815N values in the ecosystem appreciably, an indication of the conservative 
nature of the soil N pool. Increased deposition will, therefore, increase the rate of turnover ofN 
in the ecosystem, which will change both the 8 15N values and the C:N ratios over the medium to 
longer term. It can be expected that the rate of decomposition will increase; however, inherently 












Deposition ofNH4+ and N03- continue to increase globally, especially in the developing 
countries of East and South-East Asia, Latin America and Sub-Saharan Africa (Galloway et af. 
1994; Galloway, 1998). Due to the increase in developing countries' reliance on industrial 
processes that utilize fossil fuels as a source of energy, N03- dominates as the main 
anthropogenic N species. In contrast, NH4 + is the dominant ion in most parts of Western 
Europe, mainly due to emissions from livestock arming, with industrial processes producing 
progressively less air pollutants (Galloway et af. 1994). Most simulated N deposition studies 
have focused on NH4+ or an equal combination ofNH4+ and N03-, while little research has 
been done on N deposition profiles in developing countries. Most of the hypotheses developed 
for N saturation relate to Northern Hemisphere temperate forest ecosystems (Aber et al. 1989; 
Fenn et al. 1998) and these ideas remain untested for other ecosystems (Galloway, 1998). 
Controlled, greenhouse-based seedling experiments have long been used in studies of the 
N nutrition of conifers to determine the underlying mechanisms involved. The use of conifer 
seedlings in conjunctions with field experiments has already provided insight into different 
aspects ofN and growth dynamics in N saturated ecosystems (Wilson and Skeffington, 1994a; 
Kollig et al. 1997). Aber et al. (1989) predicted that N deposition would lead to decreases in C 











nutrient deficiencies and a decline in total biomass. This trend was reflected in conifer seedling 
experiments where the rootshoot ratio of seedlings grown under controlled conditions tended to 
increase when nutrient limitations occur while excess nutrients lead to a decrease in rootshoot 
ratio (Canham et al. 1996). Nadelhoffer et al. (1985) found similar trends when net primary 
production of above and below ground biomass of coniferous forest trees were evaluated. 
Canham et al. 1996 hypothesized that the magnitude of the change in C allocation due to 
increased or decreased nutrient availability is species-specific. In general, the rootshoot ratio of 
plants decreases with increasing N availability, for both natural and manipulated systems over a 
wide variety of species (Reynolds and D' Antonio, 1996). The result of this trend is an inverse 
relationship between the N-content of the plant and the rootshoot ratio (Richards, 1965; 
Nadelhoffer et al. 1985). Rootshoot ratio increases as N or P become limiting to seedlings, 
while Mg limitations nonnally have the opposite effect (Ericsson, 1995). 
Nitrogen:nutrient ratios are essential to sustained productivity of forest ecosystems 
(Linder, 1995; Fenn et al. 1998). High levels ofN supply to conifers are associated with 
deficiencies in elements such as P and base cations (Huttl and Wisniewski, 1987; Kollig et al. 
1997) and this can also be induced in seedlings growing in greenhouses. Application ofN to 
Picea abies greenhouse seedlings induced Mg deficiency and these trends were used to predict 
possible Mg deficiency in the field (Kollig et al. 1997). Nitrogen-induced Mg deficiencies are 
suspected to contribute to forest decline in Europe (Kollig et al. 1997). The work of Thomas and 
Miller (1992) showed significant decreases in foliar percentage of P after NH4N03 application 
to young Sitka spruce plantations. In ecosystems with a naturally low P availability this could 











and P deficiencies have been predicted to occur under conditions of high N supply (Aber et al. 
1989). 
Nitrogen taken up that cannot be utilized immediately by seedlings is stored in the leaf as 
amino acids (glutamine, asparagine, arginine) (Aber et al. 1989; Fenn et al. 1998). Several 
authors have reported elevated arginine levels in the leaves of trees growing in areas with high 
levels ofN deposition (Oren et al. 1988; Edfast et al. 1990; Fenn et al. 1998). 
Different chemical species influence soil and plant responses to N. Ammonium has 
greater potential to acidify the soil than N03- and also competes with base cations for uptake 
(Wilson and Emmett, 1998). Uncertainty surrounds the preference of most northern conifers for 
NH4+ or N03- sources ofN. In general, most conifers prefer NH4+ over N03- as their source 
ofN (van den Driessche, 1971; Flaig and Mohr, 1992; Wallander et al. 1997). This could be 
related to the relatively higher availability ofNH4 + as opposed to N03- in the cold northern 
coniferous forests due to low nitrification rates (Waring and Schlesinger, 1985). However, the N 
preferences of temperate zone pines such as P. elliottii, P. taeda, P. patula and P. radiata are 
largely unknown. 
In this section, a greenhouse-based seedling experiments is described that serves as a 
complementary study to the field experiments described in Chapters 3, 4, 5, 6 and 7. The 
greenhouse-based seedling experiments are used not as an alternative to field based experiments, 
but rather as a means to study in more detail some of the possible mechanisms involved in the 
response of the P. patula trees in the field to N fertilization. Interrelationships between different 
elements as well as growth patterns at different levels ofN and different forms ofN were 











patula exposed to high levels ofN could be affected and to relate this to trends observed in the 
field experiment. 
MATERIALS AND METHODS 
Plant and soil material 
Shale-derived soil was obtained from Brooklands Plantation, Sabie, one of the sites where the 
field experiment was located (see chapter 2 for a full description). The soil is classified as a 
Nomanci (Soil Classification Working Group, 1991), and it has a high clay content (Bouyoucos, 
1962; Table 8.1). The soil was put through a 5mm mesh to remove stones and course organic 
material. To conserve active mycorrhizal spores, the soil was not sterilized before the seedlings 
were planted, similar to the method of Crous et al. (1995). Therefore no inoculum was 
introduced, as was the case with other similar studies (Richards, 1965; Bledsoe and Zasoski, 
1983). Three.£ of air-dry soil were put into polythene planting bags, 15cm in diameter and 40cm 
high, which were open at the bottom. The bags were placed inside polythene planting pots 
(15cm in diameter and 30cm high) to provide stability. Seedlings were obtained from nursery 
stock at Ngodwana Nursery (Sappi Ltd), Ngodwana, Mpumalanga Province, South Africa. One 
seedling was planted per pot and the soil wetted to capacity. Seedlings were grown for six weeks 
before the start of the experiment. No fertilizer was given to any of the trees. The plants were 
grown in a greenhouse covered with plastic sheeting that let through infrared light (160 IR Sheet 
Polyethylene, Plastall Gundall Company). The pots were placed on a table, 0.8m high. Air 
movement and heat dissipation was achieved by keeping the doors open as well as regulating 
openings in the side of the greenhouse. The first treatments started in January 1997 and the 











Table 8.1 Soil texture characteristics of the soil used in the seedling experiment. 
Values in theses resent one standard error from the a and n = 4. 
Average 16 (± 0.64) 28.5 (± 0.20) 55.5 (± 0.67) 
Experimental design 
The effects of different rates ofN and ratios ofN03- and NH4+ on the growth and nutrition of 
P. patula seedlings were tested (Table 8.2). A randomized design was used, with every 
treatment consisting of three replications of nine plants each, which were randomly located. The 
physical position of each of the individual replicates was changed once every three months to 
counteract the effect of the position and microclimate on the plants (Hattenschwiler and Komer, 
1998). The total N applied to the 50 and 150 kg N ha- 1 equivalent treatments were equal to field 
applications of 50 and 150 kg N ha-1 respectively, in different ratios, as indicated in Table 8.2. 
A combination ofNH4N03 and KN03 was used to get to the correct ratios. The aim of the 
experiment was to simulate soil conditions found in the field, and therefore, no attempt was 
made to balance any of the other nutrients. 
Treatment 
During summer and autumn (December to May of the experimental period) N solutions were 
applied three times a week to prevent the soil from drying out. Water-based N-solution (400ml) 
was applied to the soil surface of every pot. This provided enough water to wet the soil to full 












The height and stem diameters of the seedlings were taken every four months and the crown 
diameter was determined at the end of the experimental period. The height of the tree was taken 
from the proximal point of the main stem, where the first roots appeared to the distal part (apical 
growing point). A caliper was used to measure the stem diameter at the point just below where 
the first of the lateral branches appeared. The diameter of two sides of the main stem, roughly 
perpendicularly from each other were measured and the average of the two measurements taken. 
Table 8.2 Compositions of the different treatments applied to the P. patula seedlings. 
The K treatment was equal to the concentration of K in the 150 kg N ha- 1 equivalent 3: 1 
N03-:NH4+ratio treatment. 
Water only Y 
Water + K Y 
N03":NH4+=1 :1 Y Y 
N03":NH4+=3:1 Y Y 
N03":NH4+=6:1 Y Y 
The crown diameter of each seedling was measured on the leaves on the last internode on the 
main stem and the average of two measurements recorded. To account for visual symptoms of 
nutrient deficiencies, a Munsell Colour Chart (Munsell Colour Co., 1994) was used to evaluate 
the seedlings for signs of chlorosis by documenting the colour of the last internode on the main 
stem. The colour values according to the Munsell charts were transformed into numerical values 
according to the colour intensity to arrive at a single value relative to a reference colour 












On completion of the final growth measurements all seedlings were harvested prior to chemical 
analyses. Every seedling was separated into the root section and the shoot section. The youngest 
fully expanded leaves on the main stem were removed from the stem and kept separate. All 
plant parts were dried in an air circulation oven at 6SoC until they achieved constant weight. The 
dried roots and shoots (including youngest fully expanded leaves) were weighed to three decimal 
points to determine rootshoot ratios. Only the youngest fully expanded leaves from each 
seedling were used for chemical analyses. The youngest fully expanded leaves were then bulked 
into four samples for every treatment and ground in a rotary mill. The samples were then acid 
digested and analyzed for base cations using an ICP Spetrometer. Total N concentrations were 
determined using indo-phenol blue colorimetric analysis after organic N transformation to NH4+ 
by kjeldahl digestion, while total P was determined using the Murphy and Riley (1962) method. 
Soil samples were taken at the end of the experimental period and bulked into four samples per 
treatment. Soil samples were analyzed for pH, electrical conductivity, total P (Murphy and 
Riley, 1962), total N (Murphy and Riley, 1962), N a, Ca , Mg, K, AI, Fe, Mn and organic C. 
Data and Statistical analyses 
Due to the nature of the experimental design, percentage differences from the control were used 
as the basis to determine significant differences using STATISTICA VS.S. Where the size of the 
sample population allowed, a two-factor ANOVA procedure, followed by Duncan's post hoc test 
were used to distinguish significantly different means (Zar, 1984; Bigg and Daniel, 1978). In all 
cases p<O.OS was used as the level of significance. Multiple linear regression analysis was used 











were determined to test for correlations between variables. Summarized ANOV A tables can be 
found in Appendix I. 
RESULTS 
Growth measurements 
The growth rate of P. patula seedlings, including control and treatments, was comparable to that 
found in other seedling studies with temperate conifers in South Africa (Donald and Young, 
1982; Noble and Schumann, 1993; Crous et ai, 1995). Application ofN to P. patula seedlings 
led to a reduced height growth rate compared to the control (NO; Table 8.3; Fig. 8.1 and Fig. 
8.2). The height increment over the 10 months of treatment showed a decline in growth 
correlated with an increase in N dose that was most pronounced in the 150 kg N ha- I treatments 
(Fig. 8.1). Two-factor ANOVA, followed by Duncan's post hoc test to compare within ratios 
revealed that the final height of the 150 kg N ha- I equivalent with N03 -: NH4 + ratios of I: 1 and 
6: I was significantly lower (p<0.05) than any other treatment. The 50 kg N ha- I equivalent 
treatments did not, however, differ much from the control. 
Although the same dose response trend described for the height growth parameters was 
evident in the final stem diameter and the stem diameter increment (Fig. 8.3 and 8.4), this was 
not as pronounced as the height growth parameters. As is the case with the height growth, the 
150 kg N ha- 1 equivalent treatment (N03 -:NH4 + ratio of 6: I) had the lowest final diameter 
growth at the end of the experiment and this was significantly different from the 50 kg N ha- I 
equivalent treatment (N03-:NH4+ ratio of I: I) treatment (Fig. 8.3). Factorial analyses using 
ANOVA, followed by Duncan's post hoc test also did not show any significant differences, both 











increment was observed in the crown diameter where a trend of decreasing crown size resulted in 
significantly smaller crowns on the ISO kg N ha- I equivalent treatments (N03-:NH4+ ratio of 
3: I and 6: I) than the 50 kg N ha- I equivalent treatment (N03-:NH4+ ratio of I: I) (Fig. 8.5). 
Table 8.3. Average values for various growth parameters of P. patula seedlings at the 
end of 12 months of treatment. P. patula seedlings were grown in pots at different 
levels of N and different ratios of N03-:NH4+. Values in parentheses represent one 
standard error from the mean. 
Final Height 352.00 324.17 337.41 327.92 319.71 287.50 318.40 292.60 
(mm) (±14.26) (±7.55) (±11 .61) (±10.79) (±15.56) (±6.68) (±10.83) (±12.16) 
Height 
174.52 166.33 158.71 158.15 146.70 130.21 135.77 124.97 Increment 
(±9. 71) (±14.51) (±8.09) (±7.0?) (±10.61) (±5.38) (±6.99) (±6.29) 
(mm) 
Final Collar 6.78 6.52 6.83 6.73 6.49 6.61 6.63 6.34 
diameter (mm) (±0.12) (±0.15) (±0.10) (±0.13) (±0.17) (±0.12) (±0.14) (±0.13) 
Collar 
Diameter 111 .82 103.31 112.78 124.44 99.65 136.59 95.20 110.23 
Increment (±3.48) (±6.12) (±8.94) (±6.34) (±11.11) (±7.32) (±7.71) (±7.38) 
(mm) 
Crown 276.25 253.75 286.14 259.48 257.08 263.62 237.29 236.70 
Diameter (mm) (±12.74) (±8.53) (±9.59) (±7.38) (±9.51) (±10.33) (±8.31) (±8.28) 
Colour Values 
4.00 3.67 4.17 3.67 3.77 3.64 3.64 3.24 
(±0.12) (±0.09) (±0.09) (±0.12) (±0.15) (±0.18) (±0.18) (±0.10) 
Root:Shoot 0.58 0.61 0.59 0.60 0.61 0.76 0.74 0.69 
Ratio (±0.04) (±0.03) (±0.04) (±0.04) (±0.03) (±0.05) (±0.05) (±0.05) 
Root weight 5.61 6.45 7.16 5.78 5.89 7.03 7.15 5.71 
(g) (±0.24) (±0.29) (±0.57) (±0.62) (±0.50) (±0.48) (±0.44) (±0.38) 
Shoot weight 10.43 9.92 12.14 9.96 9.49 9.37 9.92 8.94 











Destructive sampling of the seedlings at the end of the experiment revealed that the 
rootshoot ratio of the seedlings increased with an increase in N applied (Fig. 8.6), but that 
absolute mean values of the root weight showed no clear trend (Fig. 8.7), resulting in the 
treatments having no significant differences between them. The shoot weight, however, showed 
a declining growth trend consistent with the trends observed in the height growth, diameter 
growth and the crown diameter growth (Fig. 8.8). 
Seedling colour intensity, transformed to numerical values (Melville and Atkinson, 1985) 
also decreased as the level ofN application increased, indicating chlorosis at the highest level of 
N applied (Fig. 8.9). At the end of the experiment no mortality due to treatment effects was 
found. 
Plant-nutrient relations 
Total N concentrations in the youngest fully expanded leaves of the seedlings showed an 
increase with increasing level ofN applied, but no significant trend with an increase in the ratio 
ofN03-:NH4+ (Fig. 8.10). The ratio of total N:total P shows an increase with an increase of the 
level ofN applied and this was positively correlated with the root:shoot ratio (Table 8.9). 
Potassium concentrations in the foliage increased as the proportion ofN03- in the 
treatment increased (Tables 8.5 and 8.6). The base cation concentrations in the foliage of the 
seedlings at the end of the experimental period showed a high degree of variability between 
treatments, but there was no clear trend that could be related to the different ratios ofN03-
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Fig. 8.1 Percentage difference in final height of treatments from the control at the end of 
12 months oftreatment ofP. patula seedlings grown in pots at different levels of Nand 
different ratios of N03-:NH4+. Error bars represent one standard error deviation from 
the mean. A two-factor ANOVA was to test for differences between treatments, 
followed by Duncan's post hoc test to determine which values differed from each other. 
Values with the same letters are not significantly different at p<O. 05. The description of 
the treatments is as follows: 50N1 = 50 kg N ha-1 equivalent, 1: 1 ratio; 50N2 = 50 kg N 
ha-1 equivalent, 3: 1 ratio; 50N3 = 50 kg N ha-1 equivalent, 6: 1 ratio; 150N1 = 150 kg N 
ha-1 equivalent, 1:1 ratio; 150N2 = 150 kg N ha-1 equivalent, 3:1 ratio; 150N3 = 150 kg N 
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Fig. 8.2 Percentage difference of height increment from the control at the end of 12 
months of treatment ofP. patula seedlings grown in pots at different levels of Nand 
different ratios of N03 -:NH4+. Error bars represent one standard error deviation from 
the mean. A two-factor ANOVA was to test for differences between treatments, 
followed by Duncan's post hoc test to determine which values differed from each other. 
Values with the same letters are not significantly different at p<0.05. The description of 
the treatments is as follows: 50N1 = 50 kg N ha-1 equivalent, 1:1 ratio; 50N2 = 50 kg N 
ha-1 equivalent, 3:1 ratio; 50N3 = 50 kg N ha-1 equivalent, 6:1 ratio; 150N1 = 150 kg N 
ha-1 equivalent, 1:1 ratio; 150N2 = 150 kg N ha-1 equivalent, 3:1 ratio; 150N3 = 150 kg N 
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Fig. 8.3 Percentage difference affinal col/ardiameter from the control at the end of 12 
months of treatment ofP. patula seedlings grown in pots at different levels of Nand 
different ratios of N03 -:NH4+. Error bars represent one standard error deviation from 
the mean. A two-factor ANOVA was to test for differences between treatments, 
followed by Duncan's post hoc test to determine which values differed from each other. 
Values with the same leiters are not Significantly different at p<0.05. The description of 
the treatments is as follows: 50N1 = 50 kg N ha-1 equivalent, 1:1 ratio; 50N2 = 50 kg N 
ha-1 equivalent, 3:1 ratio; 50N3 = 50 kg N ha-1 equivalent, 6:1 ratio; 150N1 = 150 kg N 
ha-1 equivalent, 1: 1 ratio; 150N2 = 150 kg N ha-1 equivalent, 3: 1 ratio; 150N3 = 150 kg N 
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Fig. 8.5 Percentage difference of crown diameter from the control at the end of 12 
months of treatment of P. patula seedlings grown in pots at different levels of Nand 
different ratios of N03 -:NH4+. Error bars represent one standard error deviation from 
the mean. A two-factor ANOVA was to test for differences between treatments, 
followed by Duncan's post hoc test to determine which values differed from each other. 
Values with the same letters are not significantly different at p<0.05. The description of 
the treatments is as follows: 50N1 = 50 kg N ha-1 equivalent, 1:1 ratio; 50N2 = 50 kg N 
ha-1 equivalent, 3:1 ratio; 50N3 = 50 kg N ha-1 equivalent, 6:1 ratio; 150N1 = 150 kg N 
ha-1 equivalent, 1:1 ratio; 150N2 = 150 kg N ha-1 equivalent, 3:1 ratio; 150N3 = 150 kg N 
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Fig. 8.6 Percentage difference of root:shoot ratio from the control at the end of 12 
months of treatment of P. patula seedlings grown in pots at different levels of Nand 
different ratios of N03-:NH4 +. Error bars represent one standard error deviation from 
the mean. A two-factor ANOVA was to test for differences between treatments, 
followed by Duncan 's post hoc test to determine which values differed from each other. 
Values with the same letters are not significantly different at p<0.05. The description of 
the treatments is as follows: 50N1 = 50 kg N ha-1 equivalent, 1:1 ratio; 50N2 = 50 kg N 
ha-1 equivalent, 3:1 ratio; 50N3 = 50 kg N ha-1 equivalent, 6:1 ratio; 150N1 = 150 kg N 
ha-1 equivalent, 1:1 ratio; 150N2 = 150 kg N ha- 1 equivalent, 3:1 ratio; 150N3 = 150 kg N 
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Fig. 8.7 Percentage difference of root weight from the control at the end of 12 months of 
treatment of P. patula seedlings grown in pots at different levels of N and different ratios 
of N03-:NH4 +. Error bars represent one standard error deviation from the mean. A 
two-factor ANOVA was to test for differences between treatments, followed by 
Duncan's post hoc test to determine which values differed from each other. Values with 
the same letters is not significantly different at p<O. 05. The description of the 
treatments are as follows: 50N1 = 50 kg N ha- equivalent, 1:1 ratio; 50N2 = 50 kg N ha-
1 equivalent, 3:1 ratio; 50N3 = 50 kg N ha-1 equivalent, 6:1 ratio; 150N1 = 150 kg N ha-1 
equivalent, 1: 1 ratio; 150N2 = 150 kg N ha-1 equivalent, 3: 1 ratio; 150N3 = 150 kg N ha-1 
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Fig. 8;8 Percentage difference of shoot weight from the control at the end of 12 months 
of treatment of P. patula seedlings grown in pots at different levels of N and different 
ratios of N03-:NH4+. Error bars represent one standard error deviation from the mean. 
A two-factor ANOVA was to test for differences between treatments, followed by 
Duncan's post hoc test to determine which values differed from each other. Values with 
the same letters is not significantly different at p<O. 05. The description of the 
treatments are as follows: 50N1 = 50 kg N ha- equivalent, 1:1 ratio; 50N2 = 50 kg N ha-
1 equivalent, 3:1 ratio; 50N3 = 50 kg N ha-1 equivalent, 6:1 ratio; 150N1 = 150 kg N ha-1 
equivalent, 1:1 ratio; 150N2 = 150 kg N ha-1 equivalent, 3:1 ratio; 150N3 = 150 kg N ha-1 
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Fig. 8.9 Percentage difference of colour values from the control at the end of 12 months 
of treatment of P. patula seedlings grown in pots at different levels of N and different 
ratios of N03-:NH4 +. Error bars represent one standard error deviation from the mean. 
A two-factor ANOVA was to test for differences between treatments, followed by 
Duncan's post hoc test to determine which values differed from each other. Values with 
the same letters are not significantly different at p<0.05. The description of the 
treatments is as follows: 50N1 = 50 kg N ha-1 equivalent, 1:1 ratio; 50N2 = 50 kg N ha-1 
equivalent, 3:1 ratio; 50N3 = 50 kg N ha-1 equivalent, 6:1 ratio; 150N1 = 150 kg N ha-1 
equivalent, 1: 1 ratio; 150N2 = 150 kg N ha-1 equivalent, 3: 1 ratio; 150N3 = 150 kg N ha-1 











Table 8.4. Average values for total N, total P and N:P ratio P. patula seedlings at the 
end of 12 months of treatment of P. patula seedlings grown in pots at different levels of 
N and different ratios of N03-:NH4+. Values in parentheses represent one standard 
error from the mean. 
Total N (%) 1.56 1.54 1.70 1.68 1.55 1.74 2.14 2.06 
(± 0.05) (±0.10) (±0.21 ) (±0.07) (±0.08) (±0.02) (±0.12) (±0.23) 
Total P (%) 0.08 0.07 0.08 0.07 0.07 0.05 0.06 0.07 
(±0.01 ) (±0.02) (±O.OO) (±O.OO) (±0.01 ) (±0.01 ) (±O.OO) (±0.02) 
N:P Ratio 20.08 23.21 20.14 25.40 21 .65 31 .93 34.90 29.94 
(±3.25) (±6.06) (±2.08) (±1 .93) (±2.68) (±3.34) (±2.83) (±12.85) 
Soil analyses 
Final analyses of the soil from the different treatments showed no differences between treatments 
in any parameter except EC, K concentration and total N concentration (Table 8.7 and Table 
8.8). Electrical conductivity decreased significantly (p<O.05) with an increase in the K 
concentration in the treatment solution (K treatment). The K concentration in the soil was 
significantly higher in the treatments that contained the highest concentration of K in the 
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Fig. 8.10 Percentage difference of total N, total P and N.P ratio from the control at the 
end of 12 months of treatment of P. patula seedlings grown in pots at different levels of 
N and different ratios of N03-:NH4 +_ Values in parentheses represent one standard 
error from the mean. A two-factor ANOVA was to test for differences between 
treatments, followed by Duncan's post hoc test to determine which values differed from 
each other. Values with the same letters are not significantly different at p<O. 05. The 
description of the treatments is as follows: 50N1 = 50 kg N ha-1 equivalent, 1:1 ratio; 
50N2 = 50 kg N ha-1 equivalent, 3:1 ratio; 50N3 = 50 kg N ha-1 equivalent, 6:1 ratio; 
150N1 = 150 kg N ha'1 equivalent, 1:1 ratio; 150N2 = 150 kg N ha'1 equivalent, 3:1 ratio; 











Table 8.5 Foliar nutrients in the youngest fully expanded leaves of the seedlings of P. 
patula at the end of 12 months of treatment. Seedlings were grown in pots at different 
levels of N and different ratios of N03-:NH4+. Values in parentheses represent one 
standard error from the mean. 
K (%) 0.45 1.22 0.65 1.29 1.20 0.64 1.67 1.68 
(±0.04) (±0.29) (±0.10) (±0.19) (±0.15) (±0.20) (±0.35) (±0.34) 
Ca (%) 0.40 0.47 0.4 0.34 0.43 0.44 0.43 0.51 
(±0.08) (±0.05) (±0.13) (±0.02) (±0.04) (±0.11 ) (±0.11 ) (±O.OO) 
Mg (%) 0.19 0.20 0.22 0.19 0.18 0.18 0.17 0.17 
(±0.03) (±0.01 ) (±0.05) (±0.02) (±0.02) (±0.06) (±0.02) (±0.02) 
Mn (mg kg-1) 
1,631.74 1,663.70 1,526.21 1,637.85 1,433.71 1,345.41 1,270.84 1,470.65 
(±159.79) (±28.75) (±207.81) (±229.69) (±107.66) (±107.79) (±135.42) (±46.22) 
Fe (mg kg-1) 
386.54 459.45 410.53 458.89 423.81 292.47 393.59 737.86 
(±11.21) (±28.19) (±79.04) (±185.86) (±185.24) (±73.48) (±150.80) (±9.60) 
Cu (mg kg-1) 
15.88 16.39 23.94 16.29 16.90 24.42 25.12 25.34 
(±1.43) (±4.64) (±1.78) (±1 .84 ) (±2.06) (±4.30) (±6.13) (±11.38) 
AI (mg kg-1) 
899.74 1,090.15 1,071.31 1,021.53 963.13 921 .12 971.82 1,085.62 
(±125.73) (±54.86) (±95.85) (±134.85) (±89.76) (±176.97) (±165.52) (±64.27) 
Soil total N concentration increased significantly as the level ofN in the treatment solution 
increased, while the total P levels did not change significantly. None of the other nutrient 
parameters, Mn, AI, Ca and Mg, were affected by the different treatments when compared to the 
control. 
Correlations 
Correlations between different growth and nutritional parameters (Table 8.9) show that most of 











Table 8.6 Percentage difference of foliar nutrient parameters from the control at the end 
of 12 months oftreatment of P. patula seedlings grown in pots at different levels of N 
and different ratios of N03-:NH4+. Values in parentheses represent one standard error 
from the mean. In all cases n=4. A two-factor ANOVA was to test for differences 
between treatments, followed by Duncan's post hoc test to determine which values 
differed from each other. Values with the same letters are not significantly different at 
<0.05. 
K(%) 43.60c 187.06b 165.32b 40.88c 270.97a 271.56a 
Ca(%) 5.25ab -14.82b 7.10ab 9.28ab 6.87ab 26.31a 
Mg(%) 17.53a 1.31a -1.85a -4.00a -11.49a -8.28a 
Mn(%) -6.47ab O.37a -12.14abc -17.55bc -22.12c -9.87abc 
Fe(%) 6.21b -1O.96b 9.64b -24.34b 1.82b 90.89a 
Cu(%) 50.74a 2.56a 6.42a 53.72a 58.17a 59.54a 
AI(%) 19.07a 13.54a 7.05a 2.37a 8.01a 20.66a 
The final height of the seedlings was highly correlated with the height increment (r=0.95; 
p<0.05) and it was also well correlated with the final diameter (r=0.74; p<0.05). It was similarly 
well correlated with the final crown diameter, final colour values of the youngest fully expanded 
leaves and negatively correlated with the N:P ratio in the youngest fully expanded leaves (r=-












Table 8.7 Soil chemical parameters at the end of 12 months of treatment of P. patula 
seedlings grown in pots at different levels of N and different ratios of N03-:NH4+. 
pH 3.98 3.93 3.93 3.95 3.97 3.90 3.93 3.97 
(±0.02) (±0.03) (±0.02) (±0.03) (±0.03) (±O.OO) (±0.03) (±0.03) 
EC 0.55 0.75 0.72 0.97 0.86 1.27 1.46 1.43 
mS (±0.04) (±0.04) (±0.02) (±0.14) (±0.15) (±0.15) (±0.25) (±0.22) 
Acid 6.04 6.12 6.38 6.16 5.99 6.46 5.97 6.09 
Me% (±0.05) (±0.15) (±0.07) (±0.13) (±0.09) (±O.02) (±0.01 ) (±0.08) 
Na 72.25 84.00 86.25 99.00 94.00 83.67 100.33 88.67 
mg kg-1 (±4.87) (±6.87) (±5.25) (±20.53) (±3.61) (±7.29) (±4.16) (±1.61) 
K 34.25 119.00 32.50 95.50 98.67 29.67 214.33 265.33 
mg kg-1 (±0.75) (±12.17) (±2.36) (±18.59) (±3.55) (±2.75) (±11 .09) (±3.25) 
Mg 0.17 0.16 0.17 0.21 0.17 0.19 0.20 0.18 
Me% (±0.01 ) (±0.01 ) (±0.01 ) (±0.04) (±0.01 ) (±0.02) (±0.01 ) (±O.OO) 
Ca 1.03 0.92 0.89 1.13 1.07 0.93 1.07 0.92 
Me% (±0.04) (±0.06) (±0.03) (±0.16) (±0.10) (±0.03) (±0.05) (±0.04) 
Cu 4.03 4.19 4.17 3.96 4.07 4.07 4.01 4.00 
mg kg-1 (±0.10) (±0.10) (±0.09) (±0.22) (±0.16) (±0.15) (±0.06) (±0.07) 
Zn 0.93 1.07 1.20 1.07 1.23 1.07 1.03 1.17 
mg kg-1 (±0.06) (±0.07) (±0.14) (±0.04 ) (±0.19) (±0.11) (±0.05) (±0.10) 
Mn 16.26 16.27 19.99 16.54 17.06 16.18 16.58 19.70 
mg kg-1 (±0.45) (±0.27) (±0.98) (±1.13) (±0.80) (±0.45) (±0.65) (±0.30) 
Fe 287.75 147.34 219.50 233.25 250.67 260.33 236.00 236.00 
mg kg-1 (±16.07) (±62.98) (±6.74) (±21.85) (±16.93) (±22.74) (±21.38) (±15.87) 
Org. C 7.65 7.61 6.96 6.83 6.79 7.75 7.44 7.06 
% (±0.19) (±0.06) (±0.33) (±0.13) (±0.10) (±0.18) (±0.05) (±0.02) 
Total N 9.31 9.24 8.69 8.94 9.43 9.42 9.61 9.12 
mg g-1 (±0.12) (±0.30) (±0.069) (±0.44) (±0.23) (±0.42) (±0.09) (±0.48) 
Total P 9.36 9.51 9.38 9.24 9.23 9.23 9.01 9.26 











Table 8.8 Percentage difference of soil chemical parameters from the control at the end 
of 12 months of treatment ofP. patula seedlings grown in pots at different levels of N 
and different ratios of N03-:NH4 +. Values in parentheses represent one standard error 
from the mean. In all cases n=4. A two-factor ANOVA was to test for differences 
between treatments, followed by Duncan's post hoc test to determine which values 
differed from each other. Within each parameter, values with the same letters are not 
different at 05. 
pH (%) -1.26a -0.63a -0.63a -0.63a -1 .26a -1 .26a 
(±0.63) (±0.73) (±0.73) (±0.73) (±0.63) (±0.63) 
EC (%) 30.61b 74.06ab 55.3Sb 127.99ab 162.09a 157.45a 
(±3.04 (±24.46) (±26.45) (±26.66) (±45.63) (±40.13) 
Acid (%) 5.59a 1.90a 1.0Ba 1.B6a 4.56a -1.04a 
(±1.14 (±2.10) (±2.26) (±0.5S) (±2.37) (±0.24) 
Na (%) 19.3Ba 15.23a 22.49a 26.99a 21.11a 32.1Ba 
(±7.27 (±B. 71) (±S.63) (±B.1B) (±9.BO) (±B.1B) 
K (%) -5.11de 17B.B3e 1B2.4Se 266.42b -13.B7e 515.33a 
(±6.90 (±54.29) (±10.14) (±1B.9B) (±6.5B) (±2B.44) 
Mg (%) -4.44a 25.37a -4.B9a 17.91a 10.45a 11 .94a 
(±5.10 (±22.47) (±6.62) (±6.62) (±B.62) (±6.15) 
Ca (%) -13 .B7a 10.22a -2.6Ba O.4Ba -7.54a 0.97a 
(±2.65 (±15.50) (±10.49) (±3.47) (±3.25) (±4.57) 
Cu (%) 3.54e -1.55e 0.37e -0.9ge 2.61e 1.37e 
(±2.23 (±5.35) (±3.31 ) (±1.41) (±3.52) (±2.22) 
Zn (%) 2S.15a 14.75a 24.93a 11.26a 1S.77a 9.12a 
(±15.19 (±4.49) (±1B.10) (±11 .32) (±10.49) (±4.60) 
Mn (%) 22.9Ba 1.740be 4.0Bbe 16.56ab -1.2Be 2.11 be 
(±6.02 (±6.96) (±4.12) (±5.34) (±2.41 ) (±3.27) 
Fe (%) -23 .72a -1B.94a -15.12a -2.B7a -13.47a -3S.31a 
(±2.34 (±7.59) (±5.30) (±9.3B) (±7.56) (±21 .22) 
Org. C (%) -S.93b -10 .73b -B.44b -5.10ab 
1.2Ba -2.58ab 
(±4.35 (±1.76) (±3.00) (±1 .51) (±1.95) (±0.51 ) 
Total N (%) -5.95b -7 .22b -5.13b 4.24a 3.05a 
4.39a 
(±2.96 (±4.S0) (±3.14) (±1 .03) (±1.40) (±0.67) 
Total P (%) 5.41a 8.11a -13.51a -2.70a -2.70a 
-1 .35a 











Table 8.9 Relationships between growth and nutritional parameters in P. patula 
seedlings, based on the measured nutrient concentrations at the end of 12 months of 
treatment at different levels of N and different ratios of N03-:NH4 +. Results are shown 
for Pearson correlation analyses at p<O. 05 and linear regression analyses and the 
values are also indicated. In al/ cased n=8. 
Final height v. height increment 0.95 0.05 0.91 0.01 
Final height v. final stem diameter 0.74 0.05 0.55 0.04 
Final height v. final crown diameter 0.60 0.05 0.35 0.12 
Final height v. colour 0.80 0.05 0.64 0.02 
Final height v. N:P ratio -0.74 0.05 0.52 0.04 
Final height v. N dose 0.82 0.05 0.67 0.01 
Final height v. root:shoot ratio -0.78 0.05 0.60 0.02 
Final colour v. N:P ratio -0.62 0.05 0.38 0.10 
Final colour v. final stem diameter 0.85 0.05 0.72 0.01 
Height increment v. root:shoot ratio -0.78 0.05 0.67 0.01 
Height increment v. stem diameter 
-0 .08 0.05 0.02 0.77 
increment 
N:P ratio v. root:shoot ratio 0.84 0.05 0.70 0.05 
N:P ratio v. height increment -0.72 0.05 0.55 0.04 
N dose v. electrical conductivity -0.92 0.05 -0.84 0.01 
N dose v. leaf total N 0.83 0.05 0.69 0.01 











The N:P ratio of the youngest fully expanded leaves was significantly correlated with the 
final colour values of the seedling foliage and highly correlated with the rootshoot ratio (r = 
0.70; p<0.05). The N03- dose was also correlated with the soil EC at the end of the experiment 
(r=0.92; p<0.05). None of the other foliage base cation parameters were well correlated with the 
growth parameters or the total N and total P values (data not shown). 
DISCUSSION 
In this experiment, P. patula seedlings performed best in the absence of any supplemented N03-
or NH4 + in the irrigation water, i.e. the control treatment. Both height increment and final 
height of the seedlings indicate that seedlings from the control (no N) treatment performed best, 
while growth rate declined progressively as the N dose increased. This trend in aboveground C 
allocation is confirmed with the crown diameter results, taken at the end of the experiments, 
which also showed a clear decrease in growth of the crown with an increase in the N dose and 
N03- concentration in the irrigation water. This trend was also evident in the final diameter that 
was measured 10 months after the treatment started, although the trend was not as clear as that of 
the height growth. These results are in contrast to most other studies on N application to 
coniferous seedlings, where growth tends to increase in reaction to an increase of N availability 
(Richards, 1965; van den Driesche, 1971; Crous et al. 1995), which may be related to nutrient 
deficiencies. 
The shoot biomass decreased progressively towards the 150 kg N ha- l equivalent 
treatments. The decrease in growth was most pronounced in the 150 kg N ha- l equivalent 6: I 











N03- than NH4+. This, combined with the root biomass trends resulted in an increase in the 
rootshoot ratio that is related to the concentration ofN in the irrigation water.An increase in the 
availability ofN and P, the nutrients most often in short supply, leads to an increase in the 
rootshoot ratio of trees, while a decrease in Nand P or a deficiency of other essential elements 
would lead to a decrease in the rootshoot ratio (lngestad, 1991). 
Fine root biomass was negatively correlated with stand N status in coniferous forests in 
Europe (Gundersen et al. 1998). In this study application ofN to P. patula seedlings increased 
the rootshoot ratio of the seedlings, although this was significant only in the 150 kg N ha- l 
equivalent treatments . There is also a strong correlation between the N:P ratio and the increase 
in the rootshoot ratio at high levels ofN application. This suggests that P could be a limiting 
factor to the growth of P. patula seedlings in this experiment and that the soils have inherently 
high N availabilities. This is further supported by the increase in rootshoot ratios, a trend which 
is frequently observed under conditions of P limitation (Ericsson, 1995). 
However, mere disruption of the N:P ratio due to a unilateral increase in the N levels in 
coniferous trees has also been linked to growth decreases (Mohren et al. 1986). In the field, 
decreased root biomass in N saturated sites could exacerbate nutrient imbalances and nutrient 
deficiencies CAber et al. 1989). 
The growth patterns exhibited by P. patula seedlings in this study are consistent with a 
N-induced nutrient deficiency that is exacerbated at high N levels CAber et al. 1989; K611ig et al. 
1997). No additional nutrients were added to the soil during the treatment period, leading to 
possible nutrient deficiency after all needs for N were fulfilled. This has been shown in a 
number of studies which have reported deficiencies in essential elements after high N levels were 











abies led to a reduction in shoot growth at high N levels while Mg deficiencies were induced in 
the high N treatments. Even if Mg is not limiting, a mere disruption of optimal N :Mg ratios can 
contribute to growth declines (Oren et al. 1988). In this study, no significant trends in base 
cation nutrition were observed that could be attributed to the addition ofN to the seedlings. 
Trends in foliage total N exhibited a significant increase in N with the dose of N applied, while 
total P levels did not show consistent trends. However, the results of these changes in nutrition 
show a significant increase in the N:P ratio, although this was only significant in the 150 kg N 
ha- l equivalent treatments. Poor growth of Pinus radiata seedlings in a field trial following 
application ofN and P were attributed to an imbalance in the N:P ratio, while a combination of 
the two fertilizers provided a better balance (Nielsen et al. 1984). 
Phosphorus is frequently in short supply in forest ecosystems (Waring and Schlesinger, 
1985). This is also the case in South African forestry soils, especialIy in the Southern Cape 
(Payn and Clough, 1988), but also in the Escarpment forestry areas where application of P 
fertilizers to the soil increases growth of P. patula up to 1m3 per year (Schutz, 1975). It is clear 
that the N:P ratio of seedlings in all the treatments as well as the control was well in excess of the 
optimum for plant growth, taken to be between 12 and 16 (Koerselman and Meuleman, 1996). 
Despite having a mean N:P ratio of more than 20, the seedlings of the control did not show any 
signs of chlorosis at the end of the experiment. The growth rate of the seedlings over the course 
of the experiment was comparable to other experiments on temperate conifers in South Africa 
(Donald and Young, 1982; Noble and Schumann, 1993; Crous et al. 1995). Most of the growth 
parameters were correlated with the N:P ratio, emphasizing the crucial role the N:P ratio plays in 
the growth of the seedlings. Poor growth of P. radiata seedlings after application ofN was 











(Nielsen et al. 1984). Aber et al. (1989) hypothesized that plant P levels will decrease in N 
saturated sites. For example, N-induced P deficiency has been shown in mature Douglas-fir 
exposed to high levels ofN deposition (Mohren et al. 1986). High foliar N levels have been 
negatively correlated with low P levels (Poth et al. 1991), while N saturation can be induced in 
trees exposed to high levels ofN deposition by other elements such as P or base cations being in 
short supply. Nitrogen saturation may be reversed by application of limiting nutrients to forest 
stands (Mohren et al. 1986; Stevens et al. 1993). High N:P ratios have been shown in the field 
and have been shown to be affecting forest productivity (Mohren et al. 1986; Ericsson et al. 
1993). 
The controlling influence of the N:P ratio on forest productivity is further illustrated by 
the results obtained in P. elliottii in the Southern Cape region of South Africa by Wienand and 
Stock (1995). In contrast to the situation of control of nutrient turnover by P and N induced P 
deficiency, the reverse have been found, where application of P to these P deficient soils has led 
to a reduction in productivity and nutrient turnover (Wienand and Stock, 1995). This resulted in 
mid-rotation deficiency ofN, exacerbated by the application ofP. 
Available P in the soil of P. patula stands examined in this study was low and gets 
progressively lower with an increase in age of the trees on the stand (Chapter 4). Although none 
of the mature trees in the field show any signs ofP deficiency and suboptimal N:P ratios were 
only found in 1996, these optimal P concentrations are only maintained by internal 
retranslocation of P (Chapter 3). The additional factor of reduced P availability in some clay-
rich soils will have a synergistic effect on the N:P ratio. The main effect of the change in the 
N:P ratio in the seedlings was an increase in the rootshoot ratio. Both the trends in N:P ratio and 











common causal factors involved. This implies that the photosynthetic capacity of the seedlings 
was probably inhibited by N-induced P deficiency. This has severe consequences for industrial 
pine plantations in South Africa that are exposed to N deposition, not only because P is generally 
very low, but also because it has already been shown that these forests are exhibiting symptoms 
ofN saturation (Chapter 3) and this N saturation will be exacerbated by P limitations to growth. 
No mortality was found in response to treatment effects, even at the high level of 150 kg 
N ha- l equivalent. At this level ofN application, however, all the seedlings exhibited signs of 
chlorosis. Similar results have been found with Picea abies in Germany, which was found to be 
due to Mg limitation (Koilig et al. 1997). Nitrogen pollution in Europe has lead to nutrient 
imbalances in forest trees in the field such that the growth of the trees is eventuaily negatively 
affected. Magnesium has been identified in the field as weU as in seedling experiments as the 
element most likely to be deficient in high N sites (Koilig et al. 1997). In this experiment base 
cation deficiency could not be induced by varying the dose ofN applied or by varying the ratio 
ofN03- to NH 4+. 
Colour analysis can be a useful indicator of nutrient deficiencies (Crous et al. 1995) and 
has been positively linked to nutrient deficiencies in conifer seedlings (Melville and Atkinson, 
1985). In the current study, the measurement of colour variation among the treatments was 
highly correlated to most growth parameters, an indication of the relationship between growth 
and photosynthetic activity in that the colour of the upper crown leaves was well correlated with 
growth parameters and was an accurate reflection of overall seedling health. 
Application ofN did not change the cation nutrition of the seedlings significantly, except 
for the K concentration, which increased significantly (p<0.05), and concomitantly with an 











base cation concentrations did not take place, high N levels in the 150 kg N ha- 1 equivalent 
treatments increased the ratio of N to base cations. Base cation deficiencies have been shown to 
contribute to decreases in growth in conifer seedlings (Oren et al. 1988). This is consistent with 
trends found in the field experiment, where applications ofN did not change the cation 
composition of the trees significantly. Phosphorus, rather than cations, is in short supply in 
South African forestry soils (Payn and Clough, 1988). However, this situation could change 
with continuing high inputs ofN, with base cations also becoming limiting. 
Soil nutrient concentrations were largely unaffected by N applications, the only exception 
being K concentration. The high K and N03- concentrations in the soil of treated pots 
contributed to the trend of increasing electrical conductivity (EC, in mS) seen in the treatments. 
Soil pH remained unaffected by high N application, despite suspected high nitrification rates in 
the 50 kg N ha- 1 equivalent with N03-:NH4+ of 1: 1 and the 50 kg N ha- l equivalent with N03-
:NH4+ of6: 1. Nitrate increases soil pH, while NH4+ decreased the soil pH and also led to base 
cation leaching (Wilson and Skeffington, 1994a). In this study the application ofN over a period 
of 10 months did not affect the pH of the soil significantly. 
While the reasons underlying the poor growth of P. patula at high N03- concentrations 
can be related to a N:P ratio imbalance, the primary cause could be a change in the mycorrhizal 
biomass and/or the mycorrhizal composition in the 150 kg N ha- 1 equivalent treatments as 
opposed to the control and 50 kg N ha- I equivalent treatments. Holopainen and Heihonen-
Tanski (1992) showed that the number of mycorrhizal rootlets on Pinus sylvestris seedlings 
decreased at high N03- concentrations, while application ofNH4+ did not significantly affect 











nutrition of seedlings. Mycorrhizas are essential for optimal P nutrition of conifer seedlings, 
while it has been shown to be beneficial for N nutrition (Dighton and Skeffington, 1987; Dames 
et ai, 1999a). In this seedling experiment deceases in mycorrhizal biomass were not found for P. 
patula, however, compositional changes in mycorrhizal biomass have been shown in the field 
experimental component of this study (Chapter 6). 
This experiment highlights the nutritional consequences of excess N on P. patula 
seedlings and the possible effects that excess N will have on growth and nutrition of P. patula 
trees in the field. These results show that high additions ofN to P. patula trees growing on shale 
soils will disrupt Nand P nutrition to the extent that losses in productivity will result, as 
suggested by Aber et al. (1989). Chronic inputs of N into P. patula forests, many of which are 
situated on highly dystrophic shale soils, will serve to exacerbate these P deficiencies, while 
possibly also contributing to base cation leaching. While it has been shown that NH4+ can 
enhance the uptake of phosphate (Campi n, 1998), excess N03- in the soil will at best not 
influence P uptake, and may reduce P availability (Carriera et al. 1997). A continuing trend of 
the current high N03- over NH4+ deposition will lead to P deficiencies in P. patula forests. 
Other trends such as the removal of biomass in the form oflogs and reduced decomposition rates 
at high altitudes, which are also exposed to the highest N deposition rates, will further decrease 
the P stocks available in pine plantations. Although none of the mature trees in the field showed 
any signs ofP deficiency and suboptimal N:P ratios were only found in 1996, these optimal P 
concentrations are only maintained by internal retranslocation ofP (Chapter 3). Results from the 
seedling experiments, although not directly applicable to the field, identified the N:P ratio as a 











area. The continuing inputs ofN into conifer ecosystem will disrupt this ratio, merely by 











Nitrogen deposition globally and locally 
The environmental consequences of high levels of anthropogenic N on sustainability and 
productivity in forest ecosystems include N03- leaching, nutrient disorders, decline in growth 
and ultimately, forest dieback. Various stages of decline have become apparent in some northern 
hemisphere ecosystems, such as Picea abies forests in Germany (Oren et al. 1988), P. sylvestris 
forests in the Netherlands (Mohren et al. 1986), dry conifer forests of western North America 
(Fenn et al. 1998) and vast tracts of mixed conifer and deciduous forests North America (Aber et 
al. 1991). A common denominator in these forest ecosystems is an open N cycle, with N in 
excess of plant and microbial demand, a process described by Aber et al. (1989) as N saturation. 
In some of these ecosystems N deposition is coupled with high levels of S pollution, which have 
the effect of acidifying the soil, while the excess N leads to further acidification through an 
increase in nitrification. 
Rapid industrial development and concomitant high levels of air pollution is leading to 
increased levels of anthropogenic Nand S to be deposited in natural and commercial forest 
ecosystems in South East Asia, Africa and South America (Fowler et al. 1999). In South Africa 
the major source ofN is from industrial activity in a relatively small area, surrounded by 
agricultural croplands and rangelands, grasslands, commercial forests and small areas of natural 
forests (Held et al. 1996). High levels of anthropogenic S are also produced in the same area and 











continent during winter (Scholes and Scholes, 1999). A substantial portion ofN deposition is 
also derived from biogenic and pyrogenic emissions from surrounding grassland and savanna 
ecosystems (Scholes et al. 1996, Scholes and Scholes, 1999). 
The concept of N saturation in context 
Fenn et at. (1998) and Gundersen et al. (1998) reviewed the N saturation hypothesis put forth by 
Aber et al. (1989) and showed that N deposition in excess of plant and microbial demand can 
impact on the growth and nutrition of forests, with further consequences for sustainability of the 
forest ecosystems involved. In the early stages, production will benefit from additional N (Aber 
et al. 1989; See Fig. 1.1). This type of response is consistent with the trend found by Spiecker et 
al. (1996) in an analysis of the growth trends in European forests. Many forest ecosystems 
benefited from moderate addition ofN deposition, and grew faster; other forests showed no 
response, while some showed a negative response. Some of the latter forests occur in regions 
experiencing high N inputs. The responses exhibited by these forests approximate the 
hypotheses of Aber et at. (1989) regarding the sequential stages ofN deposition. According to 
these hypotheses the beneficial effect oflow doses ofN to N-limited ecosystems in stage 1 will 
eventually be replaced by a shift in carbon allocation away from the roots, to be followed later by 
a decrease in aboveground biomass in stage 3, mainly due to nutrient imbalances. In addition, 
the N cycle becomes more open, with N03- being lost from the ecosystem, maily due to 
increased nitrification and a reduced ability to hold N. In a new addition to the original 
hypothesis, Aber et al. (1998) suggested that the increase in nitrification and reduction in N 











tenets of the N saturation hypotheses put forth by Aber et al. (1989) has 
tested in several ecosystem types exposed to 
saturation has remained remarkably robust (Fenn et 
found that the ultimate outcome ofN deposition in 
N and the basic concepts describing N 
1998; Gundersen et al. 1 It has been 
H;"~'<>nt forest ""''''''Tn" is dependent on 
the biological and physical characteristics of the ecosystem exposed to N levels. 
species composition and environmental conditions combine to result in different temporal and 
spatial expressions ofN symptoms. experimental evidence ofN saturation has 
been in the Northern Hemisphere. The environmental conditions in the Northern 
Hemisphere forests exposed to N saturation may be sufficiently from P. patula 
plantation ecosystems South Africa to that direct extrapolations are equivocal. 
of et al. (1998) also ""0rcrpc'tc that many of severe symptoms deposition, 
such as forest dieback, may never manifest in drier tOf(~sts such as those found in Western 
United u ..... "' ... This is result the t11t1~prf'n(',F"<;: in climate, such as higher ambient 
temperatures and highly seasonal rainfall trends, resulting in growing seasons and higher 
rrrr,url-h rates in ecosystems. ecosystems approximate conditions similar to P. 
patula ecosystems South Africa and it is that at least some of the more severe symptoms 
ofN such as forest dieback, may not manifest in South African plantation ecosystems, 
although other symptoms may be present. 
In to high ofN aerially into the the patula 
forests of the ISDOS(~a to N saturation, having relatively low 
especially the older (Chapter 4) and a relatively overall N pool 
(Nowicki, 1997; Chapter 4 and soils, which are the tn"£""iin 











relatively to acidification by Sand N (Olbrich, 1995). growth has also been 
shown to In''''rp~C!p soil ""'l'UHJ''''''tIVll by immobilization of base cations standing biomass and 
export of base Nowicki, 1996; Scholes and Scholes, 1999). 
of base is by the accumulation oflitter at high elevations and 
immobilization of base ....... 'VIi.:>, especially Ca, and to a extent, Mg (Morris, 1995; Dames 
et al. 1999b). While neither nor Mg have been shown to be acutely deficient to growth 
patula, the compounded effect of these routes to is to itself 
in near future. 
The effect of simulated N deposition on patula forests in Mpumalanga 
objective of this thesis was to study ",U"LI'",,',...:> that occur ecological functioning P. 
patula plantation ecosystem during and N availability the ecosystem had increased 
by applying N03' and 
The growth 
to experimental plots. 
patula in from Mpumalanga has not from the addition ofN, 
except for the very young and vigorously growing trees, which the highest growth rate. 
This that future inputs ofN will benefit the younger, fast stands most. 
However, all sites, the level ofN the leaves over course of three years ofN 
application, '''''''''''''''1''> to ... v."' ...... "''''' N:P N:cation With the ",,,,,,,,,,,, ... ,,tl",,,t,,,/'i immobilization 
of Ca and Mg in the litter accumulating in the higher sites (Morris, of base cations 
the relatively low levels of plant available this "'"E,E"''''''' that growth harvested wood 
may be inhibited by supra-optimal N:base cation and N:P ratios as more N is added to the 
ecosystem. Thus, while additional N will increase growth rates in reactive biomass 











as predicted Aber et al. (1989), will take hold the older sites before the 
younger especially with low plant available P levels in the soil of those 
Although the young trees benefited from N availability, C allocation pattern 
seen in the young trees seems to that additional N not only disrupt the N:P balance, 
but may not benefit tree growth as a whole. This unusual allocation may be 
result ofthe change in N:P N03' and NH/ was applied, although proof for 
this is 1 .. "'[\.1<1,1'>' A graphical summary of the effects "I-'IJU"'U N on patula different 
can be found in 9.1. 
The trends in the vector analysis are well correlated to in nutrition and 
growth the next growing season (Timmer and Stone, 1978; Proe et al. 1999). trends 
in (Chapter 3) indicate possible N induced skewing of the N:P ratio of these 
trees at the ", ... ",un •• ",,,, productivity in the long term. importance of the 
relationship ... "r.""" ..... Nand P to growth of P. patula is supported by results obtained 
in the seedling experiment, shale-derived soil the Mpumalanga forestry area as 
medium. more N added to the seedlings, the lower the growth measured by 
height and stem as well as by growth has a direct 
positive relationship with the in the N:P ratio, that the increase in ratio 
with sustained high levels ofN input will lead to a reduced growth rate. is with 
the hypotheses set forth by Aber et al. (1989), and that these forests have already 
progressed beyond the first ofN saturation. 
In addition to soil-mediated "''''''UF.''''' in tree nutrition, N deposition may also influence 
nutrition induced _" __ ',",'~_ mycorrhizal population structure. Simulated N deposition 











altered (Chapter 6). may be related to the relative preferences morphotypes for 
N03' and NIL. 1'. The relative contributions of the morphotypes to nutrition of the tree 
are not V"''',Uf" continued N inputs may change the nutritional relationships in the tree. The 
effect ofN deposition on mycorrhizal-plant interactions in different ecosystems been 
identified as one of research needs the continuation ofN saturation research in dry conifer 
ton~sts (Fenn et ai. 1998). 
high ofN the upper mineral 
plantations of the rnrnpt,t area found in this 
in the pedosphere, a conclusion that is ""y,h", ....... ".r! by 
that was found in a study (Nowicki, 1997). 
ofa rate of nitrification in these forest soils, 
and foliage of standing trees in P. patula 
is SU"(2e:stn'e of a relatively poolofN 
high levels ofN03- 1,",,,\.111115 in this area 
could be of a combination 
rate ofN inputs and low retention ofN. 
These conclusions are also reflected by the low C:N ratios in the layer of all a 
characteristic recognized as one ofthe factors that predispose forests to N saturation (Fenn et ai. 
1998). In this study the C:N were the of 25, a by 
et (1998) as the breakthrough point for N03 - leaching. is borne out by the 
presence ofN03 -leaching in three sites in the unfertilized controls, and the rapid response of 
N03 leaching to application ofN03 - and NH4 + (simulated N deposition). Seen in conjunction 
with the high ofN03-in streams the escarpment forestry area (Nowicki, 1997), 
this suggests that a significant portion of the pine plantations is N saturated or approaching N 
Application ofN to the three sites increased the rate of nitrification, and the increase 
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Fig. 9.1 Summary diagram showing the of N deposition on patula 
ecosystems of different ages. The first section shows the effect of N deposition on 
young stands and the second section those on mature stands. The components of 
the ecosystem and effects of stand development are annotated in black, while the 











It can be concluded that 'tA","",1"", are ap[)rmlcnmg breakthrough point suggested by 
Gunderson et (1998). Any rate of nitrification could to 
poolofN contribute to the volume ofN03-leaching into the 
streams. Long1er-l[enm inputs to ecosystems will 
potential mcreases in decomposition rates litter 
improve litter quality, leading to 
releasing more N and opening up 
N cycle even more. 
The of forestry Drakensberg escarpment +"' ...... ,,+ .. , is generally low. 
.tJlJ.U"' ...... ", .. ofN did not change the topsoil significantly, contrast to several other 
studies showed a pH related to increased nitrification rate and stripping of 
cations due to the leaching ofN03' from mineral soil. This suggests that is enough 
buffering capacity currently to prevent acidification of the soil, and only in areas highly 
elevated N rates combination with low base cation is likely to change. an 
level nitrification may up the rate of acidification soils, mainly 
the extra proton produced. 
Although transient nature ofN saturation in simulated N saturation ex[)enments m 
general is recognised (Cannell and Thomley, 2000), the control plots on P. patula 
showed enough ........ , .......... to suggest even in the natural state, these ecosystems are 
approaching N saturation. 
Indicators of N saturation in forest ecosystems 
With saturation a reality many forest ecosystems, a concerted effort is to 
develop indicators ofN saturation that can used to show N saturation status of forest 











show that foliar nutrient "",r·tnr analysis a indicator for monitoring N dynamics 
in forest to N saturation. trends obtained using vector analysis are 
supported by of growth nutrition of P. patula, and supports work done 
Fenn (1997) in dry conifer forests of California. indices of growth and 
can also used to indicate N saturation, as shown by the good collaboration with an 
integrative measure such as vector analysis. nH1P"'~" the combination of the different 
techniques may provide insight that may not be gained if the individual techniques are used. 
addition, 
to those found in 
upon the 
C:N of the litter layer in this study shows trends that are very similar 
tAr"ctc exhibiting various ofN saturation (Gundersen et al. 1998). 
obtained Gundersen et al. (1998), the in P. patula 
investigated reflect a high level ofN loading. together with previous work 
showing high ofN03- in the streams draining the area (Nowicki, 1997), this is indicative 
ofN Monitoring ofN03- in streams draining afforested areas will be an 
essc;mtlal first saturation, while un,' .. LO,VUJ.'M ofthe rate of nitrification will be an 
good indicator impending 'breakthrough' ofN03-1eaching. 
Examination of the the. signatures and (enrichment 
influence factor, of control plots an lH"iVU~Ol'"'_U''' that can be attributed to 
forest site preparation and other forms of disturbance. This is in contrast to the obtained 
by Gundersen et al. (1998). who found the enrichment factor to be a good indicator ofN 
saturation. use as an indicator N satutation P. patula ecosystems is thus not 
recommended, but ,further study is needed to evaluate suitability a sample set. 
The amino acid accumulates in conifers exposed to high deposition is 











North America (Fenn et al. 1998), but needs experimental study to evaluate 
indicator in South Africa. 
Causes of N saturation in South African P. patula ecosystems 
use of this 
The ofN in the Drakensberg escarpment has been the subject of studies such as 
of Dames (1996) and Nowicki (1997), latter investigating differences in soil 
plantations and adjoining grasslands. Historically, the vegetation of the 
escarpment area, from the southern Drakensberg in KwaZulu-Natal to Mpumalanga some 
parts of Nothern province consisted acid grasslands, with rapid turnover and other 
nutrients (Scholes and Scholes, 1999). These grasslands were replaced by plantation forests, 
which slowed down annual rate of cycling ofN, but increased the amount ofN participating 
in cycling, thus increasing the potential of opening up the N cycle when disturbed. Any further 
increase N from anthropogenic sources would increase the disturbance in N cycling and 
increase the risk of a breakthrough in N03" leaching. 
Nowicki (1997) investigated the of in areas of South 
and la,-,"""" commercial forests of It 
been that ofN03" in the streamwater escarpment 
Mpumalanga is to this combination of more the conversion of to tree crops and 
the of management of the tree crops on N cycling, such as suggested by Vitousek 
(1981). the work (1997) showed that the ofN03" is highest in 
Mpumalanga Drakensberg escarpment, which begs the question why these high have not 
been found in other forestry regions in escarpment. One possible explanation is that 











considerable annual inputs ofN in the form precipitation. This N would 
immeadiately become part of the N cycle, and the fact that most of this anthropogenic N is in the 
form of highly mobile N03-, would very prone to leaching. virtue of close proximity 
of the Mpumalanga '-'1."'''"''' •• '' the biomass of trees compared to 
ton~sts .. "'''''''''''''' more N anthropogenic sources (Held et ai. 1996). seen 
with the relatively high levels ofN03 in the streamwater the area v_>~,..,_v.v more than a mere 
casual relationship with the svrnDl:0111S ofN saturation reported. 
Potential for N saturation in other forestry regions in South Africa 
The forestry areas to west of the Drakensberg forestry area in Mpumalanga are 
""V,,,,""><'fl to high levels ofN Oe[)OSlltlOn, ---'--"'J proximity to power 
't", .. ,"ctc are ,...,.,...,IX"'" on that are "' .... "'Tn'&> to acidification, 
as granites and basalts are more buffered to acidification than those in the 
escarpment (Olbrich, 1995). Thus, while 
the short to medium term, purely as a 
em~cts ofN deposition may not manifest 
exposure to N (and S) 
deposition, nl'I'll<:1t'l'I are "",. ... "'f'Tl>" to develop relatively soon. 
high-lying ofKwaZulu-Natal is one of the areas where pollutants are 
from the mass circulating over Southern African subcontinent (Scholes and Scholes, 
1999). The commercial forests are exposed to anthropogenic N although relatively 
than those measured in the of Mpumalanga. The 
Natal of P. patula PlamanOIlS as as cold-tolerant Eucalyptus "!.I"",,1\," 
on mud- and sandstone-derived soils. P. patula stands may react 











breakthrough may take longer because of the lower levels ofN entering these ecosystems, or 
not at all due to the lower N inputs. Internationally relatively little is know about 
the effects excess N on growth and nutrition of angiosperms like Eucalyptus ou\",,,.,,,,.,. 
£\UJP'''~r it is known Eucalyptus spp. are more efficient in obtaining nutrients than conifers 
(Attiwill ~Y""U''''' 1996) and owing to their growth probably more nutrient use 
efficient. By immobilizing this way, Eucalyptus plantations are thus eXIJecteO to use 
the additional N to OTP<,tpr effect than pines, possibly delaying the onset saturation. 
Nitrogen saturation and the critical load concept 
critical load is a quantitative "",,.11H".,,,, to one or more pollutants below which 
significant harmful effects on sensitive elements of the environment do not occur (Hornung, 
1994; Sverdrup and Vries, 1994). basis of this approach is to pollutant 
threshold above which harmful em~cts on a recc~ot<)r are anr)ro~lcn will 
the and ImlUernel1ltaU of policy to keep deposition levels below the 
load suggested the most a particular " ... "'.lVLl. 
for N as a nutrient are Oetemnm:O using a maSS-Dalam~e approach. In most 
ecosystems this value from 10-30 kg N ·1 yr 
values for determination of critical loads are l"""n.llJ.l"> for South plantation 
results obtained this study :>u,!:;gt;,:>t that it been ex(~eec]eo substantially N 
additions of 120 kg ha- 1 yr'!. All three sites showed supra-optimal N :nutrient ratios, low 
ratios, high levels . leaching and an in nitrification. In addition, the 
growth response to added N seem to suggest negative -"~'''e'~~ in ecosystem that 











with transformations of the cycle due to the conversion of natural grasslands to ,",V1.Hl"..,1 
These factors may work in combination to 1J.1I"'\.1A"'IJV"'" patula pr£""'''TPrn the 
Mpumalanga escarpment to N saturation and lead to relatively low critical loads. 
A major factor that will influence value of a critical load for a ecosystem is 
the incidence of nutrient limitations in the ecosystems (Harrison et al. 1995). In the of 
low plant available P in the oldest in patula stands, it could be argued that 
critical for N as a nutrient this site should be significantly lower than determined using 
the basic mass balance approach. In cases where the mass balance approach has been modified 
by including limitations in the calculation, values h~f1w~fm 3 and 19 N ·1 yr 
have been obtained for European eCC)Sv:~telns. significantly lower that mass 
balance " ..... "."'" ....... et 1998). It could thus Nasa 
nutrient have been eX(:ee(lea for patula stands In area, 
in older ""'.'1\.1,". The of critical loads for N as a nutrient has demonstrated 
in the rapid recovery ecosystems the deposition ofN been .",u",,,,,-,\.1 to pre-industrial 
(Boxman et al. 1995; Boxman et al. 1998a). 
Future directions for research 
This study has demonstrated the phenomenon ofN saturation in patula plantations of the 
Drakensberg escarpment. Previous research showed elevated N03' levels in forests streams in 
Mpumalanga, but not in other afforested areas on eastern of South n,U1...,'" (Nowicki, 
1997). Collectively, highlight the to a 
area in 1-'",,",1£', covering the whole area affected by pollution. However, due to 











indicators such as total N:P ratios, foliage vector analyses, NO)-leaching (streamwater 
monitoring) and C:N ratios of the organic soil layer to part of a structured rp~,"'!'Ir{'n 
and monitoring programme. The development of an N saturation mcmt1;on 
assisted by current initiatives to establish sustainable forestry ft .. rUT .. "'..,., 
lT1""' ..... ..""" will be 
major forestry 
companies,and this will provide an institutional framework an N 
programme. More rapid indicators need to be developed use in a monitoring 
programme that need to involve the major role player such as the forestry land owners, the 
government and research organizations. 
More research is needed to develop the suitability of foliage vector analysis, 
C:N ratios and arginine accumulation in 'VL.",1",'" as indicators ofN saturation in other pine spp. 
and plantation Pr"£U"'''T<>1'TI'' addition, the of high N availability on 
mycorrhizas commonly found on root in South Africa need to be investigated further in the 
of the variable NO)' and NH/ preten~ncc~s found by Dames et (I 999a) and changes in 
mycorrhizal population found simulated N deposition in this study. use of the 
this study. It is enrichment factor 8, only been ..... ~~ ..... , .... In 
su~~ge~;ted that the trends olsN 
over a larger sample 
soils and trees exposed to N deposition need to be studied 
The effects ofN on whole plant ecophysiology as water use and hydraulic properties 
not received attention in this study. It has been showed that increasing the levels 
ofN influence p~ant water relationships in declining stands negatively (Oren et al. 1988). 
Conversely, an nl"'",,,,op in the growth rate of younger 
affected areas may increase the water use of trees, 
transpiring background of the 
180 
and sites on the periphery of the 
larger trees transpire more due a 










need to be conducted to investigate these aspects. TTPlrpn,('pc in water use to "'u ... 'u~,,'" in 
nutrient availability in the may induce changes in 
properties of the stem of trees exposed (Zimmerman, 1978). 
hydraulic and anatomical 
synergistic effect between N, P 
and available water on xylem anatomical characteristics has been for Eucalyptus 
with Nand P (Raymond and Muneri, 2000). With the current on 
producing wood with specific quality characteristics, it is imperative that of high N 
levels and skewed N:P ratio on wood fibers investigated. The ""Fn,,·rtl'U between 
elevated temperature and elevated N availability has been shown in European countries (Spieker 
et al. 1996), and while global change scenarios for forestry in South Africa have been developed 
(Kunz et al. 1995), this did not include changes in forest nutrient cycling induced by atmospheric 
deposition. 
Conclusions 
In conclusion, the results presented in this thesis show that chronic high deposition in 
Drakensberg escarpment will lead to N saturation of the pine plantations. 
unfertilized plots used as controls the field show symptoms ofN saturation that 
may be consequence of high N deposition measured the area, combined alteration 
of the N with the transformation of natural grasslands to commercial plantations. 
further evidence ofN saturation sites exhibited a rapid reaction soil water N03'levels to 
added N. This will be exacerbated by an increase the nitrification rate, with adverse effects 
for stream water quality. Seen conjunction with previous studies that documented relatively 
levels ofN03' in the streams draining the escarpment (Nowicki, 1997) this that 











Nitrogen saturation is a threat to productivity of pine forests in the Drakensberg 
principally oec:am:e of the reduction optimal lUxury 
ofN, eventually growth. The optimal nutrient " ...... ",..., required 
mycorrhizal population COlnp,OSltlOln, which were 
growth 
may further disturbed by "''''''''5''''' 
Oenl10n.stnlteO 10 study. the largest to accommodate use 
increased N in ecosystem, mainly due to biomass accumulation the young trees. 
has and therefore deposition of N to 
these addition, older also have low P which 1-1< "', ... "'1-1 v",", these to N 
saturation. It is recommended that indicators for N saturation, such as annual vector analyses 
determination, C:N ratios, growth dynamics and determinations ofN inputs to ages 
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Table 9.1. ANOVA table for tree nutrient parameters. The highlighted lines denotes 
si nifican at <0 05 • • 
:'(~JfJiit:H=r ijF~lrnlr')I' ID),l'=!it:J~)~ i'",~jJ:{'I{:ro1i :a'?':f ••• J~ 'U~il#ic';l, p: ,~;~t):"nl' 
- - -- --- - - ~ ~ - -
N Leafage 0.04 36 0.04 1,09 0.30 
Plantage 2 0,10 36 0.04 2,63 0.09 
Treatment 1 1.04 36 0.04 26.65 0.00 
Leafage x 2 0.01 36 0.04 0.22 0.80 
Plantage 
Leafage x 0.00 36 0.04 0,01 0.91 
Treatment 
Plantage x 
2 0.02 36 0.04 0.47 0.63 
Treatment 
Leafage x 
Plantage x 2 0.00 36 0.04 0.13 0.88 
Treatment 
1 
P leafage 1 0.01 36 0.00 33.98 0.00 
Plantage 2 0.00 36 0.00 2.09 0.14 
Treatment 1 0.00 36 0.00 2.92 0.10 
Leafage x 2 0.00 36 0.00 4.57 0.02 
Plantage 
Leafage x 0.00 36 0.00 0.09 0.77 
Treatment 
Plantage x 2 0.00 
Treatment 
36 0.00 2.34 0.11 
Leafage x 
Plantage x 2 0.00 36 0.00 0.92 0.41 
Treatment 
Cu Leafage 11 .68 36 27.13 0.43 0.52 
Plantage 2 15.52 36 27.13 0.57 0.57 
Treatment 1 48.54 36 27.13 1.79 
Leafage x 2 5.68 
Plantage 












25.97 36 27.13 0.96 0.33 Treatment 
Plantage x 
2 0.63 36 27.13 0.02 0.98 Treatment 
Leafage x 
Plantage x 2 51.27 36 27.13 1.89 0.17 
Treatment 
K Leafage 1 0.63 36 0.04 15.77 0.00 
Plantage 2 0.09 36 0.04 2.35 0.11 
Treatment 1 1.69 36 0.04 42.54 0.00 
Leafage x 
2 · 0.17 36 0.04 4 .21 0.02 Plantage 
Leafage x 
0.01 36 0.04 0.35 0.56 Treatment 
Plantage x 
2 0.01 36 0.04 0.25 0.78 Treatment 
Leafage x 
Plantage x 2 0.04 36 0.04 0.89 0.42 
Treatment 
Mn Leafage 351197.00 36 471283.90 0.75 0.39 
Plantage 2 5331225.00 36 471283.90 11.31 
Treatment 5247.00 36 471283.90 0.01 0.92 
Leafage x 
2 78744.00 36 471283.90 0.17 0.85 Plantage 
Leafage x 192442.00 36 471283.90 0.41 0.53 
Treatment 
Plantage x 2 226067.00 36 471283.90 0.48 0.62 
Treatment 
Leafage x 
Plantage x 2 17589.00 36 471283.90 0.04 0.96 
Treatment 
Fe Leafage 880.14 36 4532.97 0.19 0.66 
Plantage 2 19925.88 36 4532.97 4.40 0.02 
Treatment 1259.36 36 4532.97 0.28 0.60 
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Leafage x 
2281.42 36 4532.97 0.50 0.48 Treatment 
Plantage x 
2 1669.76 36 4532 .97 0.37 0.69 Treatment 
Leafage x 
Plantage x 2 1581.56 36 4532.97 0.35 0.71 
Treatment 
Mg Leafage 0.02 36 0.00 8.91 0.01 
Plantage 2 0.00 36 0.00 1.80 0.18 
Treatment 0.00 36 0.00 2.64 0.11 
Leafage x 
2 0.00 36 0.00 0.84 0.44 
Plantage 
Leafage x 
0.00 36 0.00 0.12 0.73 Treatment 
Plantage x 
2 0.00 36 0.00 0.16 0.85 Treatment 
Leafage x 
Plantage x 2 0.00 36 0.00 1.12 0.34 
Treatment 
AI Leafage 222695.30 36 126787.70 1.76 0.19 
Plantage 2 87428.90 36 126787.70 0.69 0.51 
Treatment 101801.70 36 126787.70 0.80 0.38 
Leafage x 2 433468.00 36 126787.70 3.42 0.04 
Plantage 
Leafage x 38364.10 36 126787.70 0.30 0.59 
Treatment 
Plantage x 2 70256.00 36 126787.70 0.55 0.58 
Treatment 
Leafage x 
Plantage x 2 312795.40 36 126787.70 2.47 0.10 
Treatment 
Ca Leafage 0.02 36 0.01 3.32 0.08 
Plantage 2 0.01 36 0.01 1.03 0.37 
Treatment 0.02 36 0.01 2.50 0.12 
Leafage x 












Plantage x 2 0.01 36 0.01 2.18 0.13 Treatment 
Leafage x 
Plantage x 2 0.00 36 0.01 0.12 0.89 
Treatment 
Table 9.2. ANOVA table for tree nutrient ratios. The highlighted lines denotes 
at <0.05. 
N:P Leafage 1 74.51 36 4.97 15.00 
Plantage 2 1.87 36 4.97 0.38 0.69 
Treatment 1 92.77 36 4.97 18.67 0.00 
Leafage x 
2 9.50 36 4.97 1.91 0.16 
Plantage 
Leafage x 
4.35 36 4.97 0.88 0.36 
Treatment 
Plantage x 2 6.67 36 4.97 1.34 0.27 
Treatment 
Leafage x 
Plantage x 2 0.69 36 4.97 0.14 0.87 
Treatment 
N:Ca Leafage 1 69.66 36 6.67 10.45 0.00 
Plantage 2 33.12 36 6.67 4.97 0.01 
Treatment 1 176.30 36 6.67 26.44 0.00 
Leafage x 
2 13.13 36 6.67 1.97 0.15 
Plantage 
Leafage x 3.08 36 6.67 0.46 0.50 
Treatment 
Plantage x 2 1.32 36 6.67 0.20 0.82 
Treatment 
Leafage x 
Plantage x 2 2.72 36 6.67 0.41 0.67 
Treatment 











Plantage 2 0.00 36 0.00 0.41 0.67 
Treatment 1 0:00 36 0.00 1.35 0.25 
Leafage x 
2 0.00 36 0.00 1.20 0.31 Plantage 
Leafage x 
0.02 36 0.00 9.18 0.00 Treatment 
Plantage x 
2 0.00 36 0.00 2.26 0.12 
Treatment 
Leafage x 
Plantage x 2 0.00 36 0.00 1.32 0.28 
Treatment 
N:Mg Leafage 2.53 36 5.13 0.49 0.49 
Plantage 2 26.60 36 5.13 5.19 0.01 
Treatment 1 92.66 36 5.13 18.08 0.00 
Leafage x 
2 0.52 36 5.13 0.10 0.90 
Plantage 
Leafage x 13.17 36 5.13 2.57 0.12 
Treatment 
Plantage x 
2 9.23 36 5.13 1.80 0.18 Treatment 
Leafage x 
Plantage x 2 2.17 36 5.13 0.42 0.66 
Treatment 
N:K Leafage 1 0.60 36 0.10 6.02 0.02 
Plantage 2 0.64 36 0.10 6.44 0.00 
Treatment 1 1.32 36 0.10 13.39 0.00 
Leafage x 2 0.09 36 0.10 0.93 0.40 
Plantage 
Leafage x 0.10 36 0.10 1.01 0.32 
Treatment 
Plantage x 2 0.30 36 0.10 3.03 0.06 
Treatment 
Leafage x 











Fig. 9.3. ANOVA table for nutrients of the litter layer. The highlighted lines denotes 
. .~. t 005 , . 
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I 
P Litter type 2 0,00 18 0.00 19.86 0.00 
Plant Age 1 0.00 18 0.00 1 . ~5 0.26 
Litertype x 
2 0.00 18 0.00 2.39 0.12 Plant Age 
N Utter type 2 0.29 18 0.01 24.25 0.00 
Plant Age 1 0.22 18 0.01 18.03 0.00 
Litertype x 2 0.01 18 0.01 0.59 0.57 
Plant Age 
Cu Litter type 2 2013.67 18 1598.13 1.26 0.31 
Plant Age 1642.77 18 1598.13 1.03 0.32 
Litertype x 
2 1157.21 18 1598.13 0.72 0.50 Plant Age 
Mn Litter type 2 3174464. 0 18 542090.30 5.86 0.01 
Plant Age 18616. 0 18 542090.30 0.03 0.86 
Litertype x 2 106949.0 18 542090.30 0.20 0.82 
Plant Age 
Fe Litter type 2 370712.90 18 7117.92 52.08 0.00 
Plant Age 1 47678.80 18 7117.92 6.70 0.02 
Litertype x 2 15611.20 18 7117.92 2.19 0.14 
Plant Age 
Mg Litter type 2 0.01 18 0.00 7.20 0.01 
Plant Age 0.00 18 0.00 2.48 0.13 
Litertype x 2 0.00 18 0.00 0.31 0.74 
Plant Age 
AI Litter type 2 754214.40 18 49486.66 15.24 0.00 












2 Plant Age 10287.00 18 49486.66 0.21 0.81 
Ca Litter type 2 0.09 18 0.01 6.60 0.01 
Plant Age 0.00 18 0.01 0.17 0.68 
Litertype x 
2 
Plant Age 0.00 
18 0.01 0.18 0.84 
K Litter type 2 0.11 18 1).00 24.90 0.00 




0.00 18 0.00 0.01 0.99 
Fig. 9.4. ANOVA table for soil pH (GaGI2J . The highlighted lines denotes significance 
t <005 • 
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4-year-old 
Year 2 0.01 66 site 
0.01 0.86 0.43 
Treatment 0.00 66 0.01 0.07 0.79 
Year x 
2 0,03 66 
Treatment 
0.01 2.21 0.12 
14-year-old 
Year 2 0.02 64 
site 
0.02 0.77 0.47 
Treatment 0.01 64 0.02 0.53 0.47 
Year x 2 0.00 64 
Treatment 
0.02 0.05 0.95 
22-year-old 
Year 2 0.02 66 
site 
0.01 2.46 0.09 
Treatment 0.01 66 0.01 1,00 0.32 
Year x 
2 0.02 66 
Treatment 
0.01 1.91 0.16 
Fig. 9.5. ANOVA table for soil chemistry offield experiment. The highlighted lines 
d t . .~. t 005 • • 











EC Site Age 55094.96 18 3807.08 14.47 .01 
Treatment 2 3166.96 18 3807.08 .83 .45 
Site Age x 2 102.05 18 3807.08 .03 .97 Treatment 
Acid Site Age 2 4.63 18 0.87 5.31 0.02 
Treatment 1.71 18 0.87 1.96 0.18 
Site Age x 2 0.43 18 0.87 0.49 0.62 Treatment 
Na Site Age 2 0.00 18 0.00 4.18 0.03 
Treatment 0.00 18 0.00 0.34 0.57 
Site Age x 2 0.00 18 0.00 1.12 0.35 Treatment 
K Site Age 2 0.04 18 0.00 20.69 0.00 
Treatment 1 0.07 18 0.00 33.02 0.00 
Site Age x 
2 0.01 18 0.00 4.94 0.02 Treatment 
Ca L Site Age 2 0.01 18 0.00 6.12 0.01 
Treatment 0.00 18 0.00 1.27 0.27 
Site Age x 2 0.00 18 0.00 1.62 0.23 
Treatment 
Mg Site Age 2 0.03 18 0.00 32.09 0.00 
Treatment 0.00 18 0.00 0.63 0.44 
Site Age x 2 0.00 18 0.00 0.91 0.42 
xTreatment 
Total Bases Site Age 2 0.27 18 0.01 19.25 0.00 
Treatment 1 0.11 18 0.01 7.50 0.01 











Treatment 0.00 18 0.01 0.45 0.51 
Site Age x 
2 0.01 18 0.01 1.20 0.32 Treatment 
Cu Site Age 2 7.30 18 0.34 21.47 0.00 
Treatment 0.41 18 0.34 1.21 0.29 
Site Age x 
2 0.62 18 0.34 1.82 0.19 Treatment 
Zn Site Age 2 0.11 18 0.11 0.94 0.41 
Treatment 0.15 18 0.11 1.35 0.26 
2 0.51 18 0.11 4.53 0.03 l 
Mn Site Age 2 4.70 18 5.36 0.88 0.43 
Treatment 18.96 18 5.36 3.54 0.08 
Site Age x 
2 3.46 18 5.36 0.64 0.54 
Treatment 
Fe Site Age 2 587700.50 18 26001.36 22.60 0.00 
Treatment 1 114816.70 18 26001.36 4.42 0.05 
Site Age x 2 121653.20 18 26001.36 4.68 0.02 
Treatment 
Organic C Site Age 2 35.11 18 1.58 22.18 0.00 
Treatment 1.14 18 1.58 0.72 0.41 
Site Age x 2 0.36 18 1.58 0.22 0.80 
Treatment 
Available P Site Age 2 1087.13 18 34.44 31.56 0.00 
Treatment 104.17 18 34.44 3.02 0.10 
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Total P Site Age 2 2.98 
Treatment 0.03 
Site Age x 
2 0.51 
Treatment 
Total N Site Age 2 115.73 
Treatment 1 13.70 
Site Age x 
2 0.85 Treatment 
Fig. 9.6 ANOVA table for litter mass remaining. 
significance at p<0.05. 
remaining 
Treatment 
Site Age x 
Treatment 
2 301 .38 
2.28 
2 129.79 
18 0.52 5.69 
18 0.52 0.06 
18 0.52 0.97 
18 2.08 55.71 
18 2.08 6.59 
18 2.08 0.41 
The highlighted lines denotes 
66 62.52 4.828 
66 62.52 .036 
66 62.52 2.08 
Fig. 9.7 ANOVA table for mycorrhizal variables. The highlighted lines denotes 
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Root Density Age 2 0.16 32 0.09 1.75 0.19 
Treatment 0.07 32 0.09 0.77 0.39 
Agex 
2 0.00 32 0.09 0.00 1.00 
Treatment 
Total Age 2 3.45 32 4.00 0.86 0.43 
Treatment 14.56 32 4.00 3.64 0.07 
Age x 
2 17.49 32 4.00 4.37 0.02 
Treatment 
Species 2 v. 
















2.43 31 3.03 0.80 0.46 
Specific Root 
Age 2 Density 0.34 26 1.45 0.23 0.80 




5.86 26 1.45 4.05 0.03 
Fig. 9.8 ANOVA table for nitrogen and carbon isotopic variables. The highlighted lines 
d t " fI' t <005 • • - . 
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j515N in 
Organic Soil 
Organic Soil Layer 4 87.24 113 0.51 
169.43 0.00 
Layers 
Site Age 2 18.82 113 0.51 36.56 0.00 
Treatment 0.24 113 0.51 0.47 0.49 
Organic Soil 
Layer x Site 8 2.88 113 0.51 5.60 0.00 
Age 
Organic Soil 
Layer x 4 1.17 113 0.51 2.27 0.07 
Treatment 
Site Age x 
2 1.73 113 0.51 3.37 0.04 
Treatment 
Organic Soil 




j5 15N in 
Curent and Leaf age 1 2.68 
One-year-old 
39 0.27 9.92 0.00 
Leaves 
Site Age 2 1.21 39 0.27 4.47 0.02 
Treatment 0.04 39 0.27 0.15 0.70 
Leaf Age x 
2 0.24 39 0.27 0.87 0.43 
Site age 
Leaf Age x 0.00 39 0.27 0.00 0.99 
Treatment 
Site Age x 











Leaf Age x 




4 1531 .14 55 32.14 47.64 0.00 Horizons 
Site Age 2 294.27 55 32.14 9.16 0.00 
Orgaic Soil 
Horizons x 8 · 232.40 55 32.14 7.23 0.00 
Site Age 
Carbon Soil Organic 5 164.40 133 0.40 408.08 0.00 Isotopes Horizon 
Site Age 2 8.94 133 0.40 22.18 0.00 
Soil Organic 
~orizon x Site 10 4.79 133 0.40 11 ,89 0.00 
Age 
Carpophores Site Age 2 0.51 18 0.10 4.88 0.02 
Treatment 0.43 18 0.10 4.08 0.06 











Fig. 9.9. ANOVA table for seedling growth parameters. The highlighted lines denotes 
at <0.05. 
1 2413.02 138 302.47 7.98 0.01 
Ratio 2 291.86 138 302.47 0.96 0.38 
Dosage x 
2 391.31 138 302.47 1.29 0.28 Ratio 
Height 
Dosage" 6859.69 137 522.83 13.12 0.00 
Increment 
Ratio 2 538.16 137 522.83 1.03 0.36 
Dosage x 
2 53.48 137 522.83 0.10 0.90 
Ratio 
Final Collar 
Dosage 1 213.35 138 108.56 1.97 0.16 
Diameter 
Ratio 2 294.90 138 108.56 2.72 0.07 
Dosage x 2 4.67 138 108.56 0.04 0.96 Ratio 
Collar 
Diameter Dosage 938.59 138 1477.08 0.64 0.43 
Increment 
Ratio 2 2041 .67 138 1477.08 1.38 0.25 
Dosage x 2 9626.76 138 1477.08 6.52 0.00 
Ratio 
Crown 
Diameter Dosage 1 2216.45 138 293.96 7.54 0.01 
Increment 
Ratio 2 1539.19 138 293.96 5.24 0.01 
Dosage x 2 2.09 138 293.96 0.01 0.99 
Ratio 
Colour Dos~ge 1 2936.32 136 358.26 8.20 0.00 
Ratio 2 1207.1 5 136 358.26 3.37 0.04 
Dosage x 2 642.79 136 358.26 1.79 0.17 
Ratio 
RootShoot 
Dosage 1 10981.38 86 985.94 11.14 0.00 
Ratio 











Dosage x 2 Ratio 730.98 86 985.94 0.74 0.48 
Root Weight Dosage 1326.87 85 1150.87 1.15 0.29 




1899.49 85 1150.87 1.65 0.20 
Shoot Weight Dosage 2727.91 90 696 .97 3.91 0.05 




1556.62 90 696.97 2.23 0.11 
Fig. 9.10. ANOVA table for foliar chemistry of the seedling experiment. The highlighted 
r d t . 'fI' t <0 05 • • 
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K Dosage 1.00 23420.1 8 18 2815.1 3 8.32 0.01 
Ratio , 2.00 88059.34 18 2815.13 31 .28 0.00 
Dosage x 2.00 6626.55 18 2815.13 2.35 0.12 
Ratio 
Ca Dosage 1.00 1346.55 18 445.31 3.02 0.10 
Ratio 2.00 857.13 18 445.31 1.92 0.17 
Dosage x 2.00 182.78 18 445.31 0.41 0.67 
Ratio 
Mg Dosage 1.00 1108.28 18 358.37 3.09 0.10 
Ratio 2.00 374.27 18 358.37 1.04 0.37 
Dosage x 2.00 115.18 18 358.37 0.32 0.73 
Ratio 
Mn Dosa9~ 1.00 653.48 18 87.40 7)~8 0.01 
Ratio 2.00 3.08 18 87.40 0.04 0.97 
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Fe Dosage 1.00 2687.18 18 1611.51 1.67 0.21 
~ 
Ratio 2.00 8729.26 18 1611.51 5.42 0.01 
Dosage x 2.00 6353.59 18 1611 .51 3.94 0.04 Ratio 
Cu Dosage 1.00 8319.40 18 1297.25 6.41 0.02 
Ratio 2.00 1140.81 18 1297.25 0.88 0.43 
Dosage x 
2.00 1762.74 18 1297.25 1.36 0.28 Ratio 
AI Dosage 1.00 49.35 18 202.33 0.24 0.63 
Ratio 2.00 25.70 18 202.33 0.13 0.88 
Dosage x 
2.00 469.84 18 202.33 2.32 0.13 Ratio 
Fig. 9.11. ANOVA table for soil chemistry of the seedling experiment. The highlighted 
I' d t "fi t a 05 • • 
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pH Dosage 0.26 18 1.85 0.14 0.71 
Ratio 2 0.00 18 1.85 0.00 1.00 
Dosage x 2 1.05 18 1.85 0.57 0.57 Ratio 
EC Dosage 1.00 1.70 18.00 0.12 14.47 0.00 
Ratio 2.00 0.10 18.00 0.12 0.83 0.45 
Dosage x 2.00 0.00 18.00 0.12 0.03 0.97 Ratio 
Na Dosage 358.31 18 288.55 1.24 0.28 
Ratio 2 168.66 18 288.55 0.58 0.57 
Dosage x 2 7.26 18 288 .55 0.03 0.98 
Ratio 











Ratio 2 242.27 18 194.38 1.25 0.31 
Dosage x 2 315.32 18 194.38 1.62 0.23 Ratio 
K Dosag~ 1 112986.30 18 2873.53 39.32 0.00 
Ratio ,2 161246.00 18 2873.53 56.11 0.01 
Dosage x 2 165157.40 18 2873.53 57.48 0.01 Ratio 
Acid Dosage 6.77 18 11.22 0.60 0.45 
Ratio 2 32.35 18 11.22 2.88 0.08 
Dosage x 2 21.96 18 11.22 1.96 0.17 
Ratio 
Ca Dosage 0.04 18 267.17 0.00 0.99 
Ratio 2 137.82 18 267.17 0.52 0.61 
Dosage x 2 534.85 18 267.17 2.00 0.16 Ratio 
Mg Dosage 148.51 18 487.12 0.30 0.59 
Ratio 2 308.90 18 487.12 0.63 0.54 
Dosage x 2 611.87 18 487.12 1.26 0.31 
Ratio 
Cu Dosage 0.26 18 42.53 0.01 0.94 
Ratio 2 1.11 18 42.53 0.03 0.97 
Dosage x 2 38.74 18 42.53 0.91 0.42 
Ratio 
Zn Dosage 548.60 18 558.54 0.98 0.33 
Ratio 2 21.28 18 558.54 0.04 0.96 
Dosage x 2 277.34 18 558.54 0.50 0.62 
Ratio 
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Ratio 2 890.94 18 98.1 9 9.07 0.00 
Dosage x 
2 10.80 18 98.19 0.11 0.90 Ratio 
Fe Dosage 6.53 18 457.56 0.01 0.91 
Ratio 2 398.86 18 457.56 0.87 0.44 
Dosage x 
2 999.55 18 457.56 2.18 0.14 
Ratio 
Org C Dosage 313.37 18 24.86 12.61 0.00 
Ratio 2 10.82 18 24.86 0.44 0.65 
Dosage x 
2 36.25 18 24 .86 1.46 0.26 
Ratio 
N Dosage 1 599.40 18 30.12 19.90 0.00 
Ratio 2 6.23 18 30.12 0.21 0.82 
Dosage x 2 0.34 18 30.12 0.01 0.99 
Ratio 
AI Dosage 754.24 18 246.17 3.06 0.10 
Ratio 2 225.33 18 246.17 0.92 0.42 
Dosage x 2 538.09 18 246.17 2.19 0.14 
Ratio 
220 
